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Pre&ce 


Since  iu  founding  in  19S2,  the  Advisory  Group  for  Aerospace  Research  and  Development  has  published,  through  the  Flight 
Mechanics  Panel,  a  number  of  standard  texts  in  the  field  of  flight  testing.  The  original  Flight  Tbst  Manual  was  published  in  the 
years  19S4  to  19S6j.The  Manual  was  divided  into  four  volumes: 

1  Performance 

2  Stability  and  Control 

3  Irutrumentation  Catalog,  and 

4  Instrumentation  Systems. 

As  a  result  of  developments  in  the  field  of  flight  test  instrumentation,  the  Flight  That  Instrumentation  Group  of  the  Flight 
Mechanics  Panel  was  established  in  1968  to  up^te  Volumes  3  and  4  of  the  Flight  Test  Manual  by  the  publication  of  the  Flight 
Ibst  Instrumentation  Series,  AGARDograph  160.  In  its  published  volumes  AGARDograph  160  has  covered  recent 
developments  in  flight  test  itutnimentation. 

In  1978,  the  Flight  Mechanics  Panel  decided  that  fttrther  specialist  monographs  should  be  published  coveting  aspects  of 
Volume  1  and  2  of  the  original  Flight  Test  Manual,  indudlng  tte  flight  testing  of  aircraft  systems.  In  March  198 1,  the  Flight  Test 
Techniques  Group  was  established  to  carry  out  this  task.  The  monographs  of  this  Series  (with  the  exception  of  AG  237  which 
was  separately  numbered)  are  being  published  as  individually  numbered  volumes  of  AGARDograph  300. 

At  the  end  of  each  volume  of  both  AGARDograph  160  and  AGARDograph  300  two  general  Annexes  are  printed.  Annex  1 
provides  a  list  of  volumes  published  In  the  Flight  Tbst  Instrumentation  Series  and  in  the  Flight  Test  Techniques  Series.  Annex  2 
contains  a  list  Of  handbooks  that  are  available  on  a  variety  of  flight  test  subjects,  not  necessarily  related  to  the  contents  of  the 
volume  concerned. 

The  present  Volume  (No.  19  of  AGARDograph  160)  provides  flight  test  instrumentation  engineers  with  an  introduction  to 
digitsJ  processes  on  aircraft.  Flight  test  instrumentation  systems  ate  rapidly  evolving  from  analog  Intensive  to  digital  intensive 
systems,  including  the  use  of  onboard  digital  computers.  Topics  include:  measurements  that  are  digital  in  origin,  sampling, 
encoding,  transmitting,  and  storing  of  data.  Particular  emphasis  is  plamsd  on  modem  avionic  data  bus  architectures  and  what  to 
be  aware  of  when  extracting  data  ftom  them.  Some  example  data  extraction  techniques  ate  given  Tradeoft  between  digital 
logic  families,  trends  in  digital  development,  and  design  testing  techniques  are  discus^.  An  introduction  to  digital  filtering  is 
also  covered. 


Prefocie 


DepOk  u  cfMon  eii'19S2,  le  Panel  de  la  M^canique  du  vol,  aoui  I'^ide  du  Croupe  Coiuultatif  pour  la  Recherche  et  les 
RdaKaaliom  Akoapatiaiaa  a  pubHd,  un  oeitaia  nombre  de  textea  qui  font  autorite  dans  le  domalne  del  euais  en  voi.  Le  Manuel 
del  Esaais  eo  Vol  a  publU  pour  la  piemlire  foi*  dans  les  mnda  19S4— 19S6.  n  comportait  quatre  volumes  i  savoir 

1  Performances 

2  StabUite  et  Contrdle 

3  Catalogue  des  appareils  de  mesure,  et 

4  Systemes  de  mesure. 

Les  novatkms  dans  le  domaiiM  des  appaieils  de  mesure  pour  lea  esials  en  vol,  ont  conduit  k  lecrder,  en  1968,  le  gioupe  de  travail 
sur  les  appareils  de  mesure  pour  let  essais  en  vol  pour  permettre  la  remise  k  jour  des  volumes  3  et  4.  Les  travaux  du  groupe  ont 
ddboucM  sur  I’kdilion  d'une  adtie  de  publications  sur  la  appareils  de  mesure  pour  les  essais  en  vol,  lAGARDographie  160,  Les 
diffetents  voluma  de  I'ACARDographie  160  puUids  jusqu’k  ce  jour  couvrent  la  demieis  devcloppements  daiu  le  domaine. 

En  1978,  le  Panel  de  la  Mdcanique  du  vol  a  signald  fintdrkt  de  monographia  suppldmentaira  sur  certains  aspects  da  voluma 
I  et  2  du  Manuel  initial  et  notamment  la  esaais  en  uol  da  systkma  avk»iques.  Ainsi,  au  mois  de  mars  198 1,  le  groupe  de  travail 
sur  la  techniqua  da  esaais  en  vol  a  dtd  lecree  pour  mener  k  bien  cette  tk^.  La  monographia  dans  cette  serie  (k  I'esceptlon 
de  ia  AC  237  qui  fait  parde  d'une  sdrie  distincte)  sont  pubUda  sous  forme  da  vohuna  individuels  de  1  ACARDographie  300. 

A  la  Rn  de  chacun  da  voluma  de  lACAROographie  160  et  de  lAGARDographie  300  ligurent  deux  annexa  gdndrala. 
L’annexe  1  foumit  la  lisle  da  voluma  publidi  dans  la  sdrie  ‘Appareils  de  maure  pour  lu  esaais  en  vol”  et  dans  le  serie 
Techniqua  da  esaais  en  vol”.  L'annexe  2  donne  ia  lisle  da  manuals  disponibla  sur  la  memu  themu  dans  le  domaine  da 
esaais  en  vol,  qui  ne  sunt  pat  forcdment  en  rapport  avec  le  contenu  du  volume  en  quation. 

Ce  volume  1 9  de  I'ACARDographie  160  offre  aux  ingdnieura  d’instrumeniation  des  esaais  en  vol  une  introduction  au  traiternent 
numdrique  de  bord. 

La  systkma  d’insliumentation  pour  esaais  en  vol,  anaiogua  jusqu’ici,  sont  en  train  d'dvoluer  trks  rapidement  vers  da  systema 
num^iqucs,  qui  intkgrent  da  ordinateurs  numdiiqua  bord.  Parmi  la  sujets  examirfa  on  distingue; 

—  la  mesura  d'origine  numdrique 

—  rdchantUlonnage, 

~  le  codoge, 

—  la  transmission, 

—  ieslockagedadonnea. 

L'accent  at  mis  en  particulier  sur  les  architectures  modema  de  bus  de  donnea  avioniqua  et  les  consignes  a  donner  a 
I'utilisateur  qui  veui  en  extraire  des  donnea.  Quetqua  exempla  de  techniques  d'extraction  de  donnecs  sont  foumis.  La 
compris  envisagabla  entrc  les  differenta  familla  de  iogique  numdrique,  la  tendanca  en  ce  qui  concerne  la  dr  veloppements 
numi^qua  et  la  techniqua  d'essais  de  prototypa  y  sont  discutea,  avec  une  introduction  au  filtrage  numdrique. 
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SUMMARY 

test  instrumentation  systems  are  nqpidly  evolving  from  what  was  an  all-analog  technology  into  what 
win  be  an  almost  all-digital  art  The  development  and  widespread  application  of  digital  processes  in  data  pro¬ 
cessing  and  reduction  mate  it  imperative  that  *he  advantage  of  the  digital  approach  be  exploited  wherever 
appropriate  in  the  fll^  test  process.  The  areas  of  signal  conditioning  and  data  acquisition  offer  many  oppor- 
tunitin  to  use  digital  techniques  to  achieve  improved  performance.  For  some  time,  digital  techniques  have 
seen  much  use  in  data  acquUtion  systems.  Mote  recently,  the  uu  of  digital  computers  in  airborne  systems 
has  become  commonidace,  both  in  data  acquisition  systems  and  in  the  aircraft  avionics  and  control  systems. 
The  con^uter  brings  an  extensive  capability  for  real-time  processing  to  die  onboard  systems  and,  to  realize 
its  frill  potendal.  must  be  appropriately  Int^aced  to  the  aircraft  environment  Often,  aircraft  avionic  digital 
systems  contain  data  which  are  requi^  for  conducting  the  flight  test  It  becomes  necessary  to  extract  the 
data  from  the  onboard  systems  fbr  inclusion  in  the  flight  test  database.  For  these  reasons  it  is  essential  that 
the  fli^  test  instrumentadon  engineer  understand  digital  signal  condidoning  techniques  and  be  familiar  with 
their  ^iplications. 

OBJECTIVE 

The  objecdve  of  this  vcdume  is  to  provide  the  engineer  adth  a  limited  theoredcal  basis,  and  with  the  necessary 
pracdcal  design  informadon  to  pe^t  the  exploitation  of  the  advances  in  the  digital  systems  state  of  the  art  as 
applied  to  flight  tesdng,  InclutM  in  this  objecdve  is  the  use  of  digital  techniques  in  stricdy  signal  condidoning 
appUcadons  as  well  as  Interfacing  and  communlcadou  qiplicadons  between  various  aircraft  systems.  Not 
included  in  dds  objecdve  is  die  coverage  of  stricdy  computer-based  systems  informadon.  This  i^ormadon  is 
coveted  in  computer  society  literature  or  in  softwme  professional  sodety  publicadons.  These  topics  may  be 
noted  for  consideration,  but  die  reader  is  directed  to  other  references  for  detailed  subject  coverage. 

NOMENCLATURE 

AC  dtemadng  current  or  advanced  CMOS 

Aa  advanced  CMOS  TTL  level 

A-D  analog  to  digital 

ALS  advanced  low-power  Schottky 

AM  amplitude  modulation 

AND  logic  *^"1111101100 

ANSI  American  National  Standards  Inttitute 

ARINC  Aeronautical  Radio.  Inc. 

ASCII  American  Standard  Code  Ibr  Informadon  Interchange 
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BC  bus  controller 

BCD  binary-coded  decimal 

BIO  -L  Manchester  II  biphase-level 

BM  Iwmonitor 

BNR  binary 

CCriT  Ihe  International  Iblegraph  and  Iblephooe  Consultative  Committee 

CMOS  complementary  metal  oxide  semiconductor 

CRC  cyclic  redundancy  code 

D-A  distal  to  analog 

DAC  digital-to-analog  converter 

DAIAC  digital  autonomous  terminal  access  communication 

DC  direct  current 

DCB  data  communication  equipment 

DCTL  direct-coupled-transistor  logic 

DEEC  digital  electronic  engine  control 

DITS  digital  information  transfer  system 

DM-M  delay  modulation-mark  (Miller) 

DoD  Department  of  Defense  (U.S.  A.) 

DIB  data  terminnl  equipment 

DTL  diode-transistor  logic 

ECC  errcr  correction  code 

ECL  emitter-coupled  logic 

EEPROM  electrically  erasable  programmable  read-only  memory 

(also  known  as  PROM) 

EFA  European  fighter  aircraft 

EMI  electromagnetic  interference 

BPLD  electrically  programmable  logic  device 

ESDI  enhanced  small  device  interface 

ESD  electrostatic  discharge 

EU  engineering  units 

FAST  Fairchild  advanced  Schottky  TTL 

FET  field  effect  transistor 

FIFO  first  in,  first  out 

FIR  finite  impulse  req^onse 

FM  fiequency  modulation 

FTI  fli^t  test  instrumentation 
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GP-IB 

HC 

HCT 

HP'IB 

IC 

me 

IEEE 

DR 

RIG 

RU 

ISO 

LS 

LSB 

LSD 

LSI 

MIL-STD 

MODEM 

MOS 

MSB 

MSCP 

MSD 

NASA 

NRZ 

PAL 

PCM 

nA 

PLD 

R 

RAM 

RC 

RF 

RH 

RL 

RMI 

RT 

RTL 


general-purpose  interface  bus 
high-q>eed  CMOS 
Mgh-speed  CMOS  TIL  level 
Hewlett-Packard  interface  bus 
integrated  circuit  (chip) 
tntwnari^inai  ElectTotechnical  Commission 

of  Electrical  and  Electronic  Engineers 
infinite  impulse  response 
Inter-Range  Instrumentation  Group  (II.S.A.) 
inertial  reference  unit 
International  Standards  Organization 
low-power  Schottky 
least  significant  bit 
least  significant  digit 
large-scale  integration 
military  standard 
modulator-demodulator 
metal  oxide  semiconductor 
most  significant  bit 
maas  Storage  control  protocol 
most  significant  digit 

National  Aeronautics  and  Space  Administration  (U.S.A.) 

nonreturn  to  zero 

programmable  array  logic 

pulse-code  modulaUon 

programmable  logic  array 

programmable  logic  device 

resistance 

random  access  memory 
resistance-capacitance 
radio  frequency 
rotor  reference  high 
rotor  refiuence  low 
radio  magnetic  indicator 
remote  terminal 
resistor-transistor  logic 
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RZ 

return  to  zero 

nns 

root  mean  square 

q>m 

revolutions  per  minute 

rps 

revolulions  per  seoou* 

SAE 

SodeQr  of  Autoraodve  Engineers 

SCSI 

small  computer  systems  intoftce 

SDI 

source  designation  indicator 

SDLC 

synctnoous  deta  link  control 

SM 

status  matrix 

SSI 

small-scale  integration 

SSM 

sign-status  matrix 

ST506 

Seagate  disk  interim  standard 

T/R 

transmit-receive 

TIL 

transistor-transistor  lo^c  (bipolar) 

UV 

ultraviolet 

V 

volts 

VAC 

volts  alternating  current 

VDT 

video  display  terminal 

WORM 

write  once,  read  many 

Symbols 

G 

capacitor 

D 

digital  output 

E 

electromotive  force  (voltage) 

f 

fiequency 

I 

current 

H 

matrix 

k,m,n 

variables 

P 

parity 

Q 

charge 

R 

ratio 

S 

signal 

T 

time  between  successive  closings 

Z 

iiiq>edance 

Q 

ohms 
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Subacripts 

ave 

average 

elk 

rlnck 

G 

ground 

H 

high 

IH 

input  high 

IL 

input  low 

in 

input 

n 

variable 

0 

characteristic  or  nominal 

OH 

output  high 

OL 

output  low 

out 

output 

pi 

passband  lower 

pu 

passband  upper 

ref 

reference 

a 

source 

al 

stopband  lower 

au 

stopband  upper 
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1  INTRODUCTION 

IhKlitkMMny^  oigtiieering  (Hscipliae*  tunbundlng  lli^  test  Inve  been  broken  into  several  groups.  Groups 
oobiociroiBd  withfUg^oper^  oontrol.  aerodyngroies,  ptbpulaioni  and  instrumentition  existed  with  a 

great  desl  of  autonomy.  More  recently,  aircraft  are  bdog  viewed  and  tested  as  a  complete  aircraft  SYSTEM. 
The  dividing  lines  between  disdpUnes  have  become  very  indistinct  Information  about  foel  distribution  may  be 
input  to.  ooDtnd  systems  that  adjust  for  center  of  gravity  change.  Digitally  controlled  propulsion  systems  may 
integrate  their  calculations  with  foe  fliCht  control  system.  System  designers  require  data  ftom  th^  systems 
to  evaloate  their  perlbonance  or  safety.  Insttumentation  engineers  are  taking  advantage  of  sensors  embedded 
iritD  ayionica  packages  rather  than  In^lUng  their  own  unique  sensors. 

Kforedemandingrequirements  are  driving  aircraftsystems  to  be  more  integrated.  Many  processes  traditionally 
dOne  on  the  ground  are  moving  into  aircraft  systems.  Improving  digital  electronic  technology  is  making  aircraft 
systems  posaible  that  were  impossible  just  a  few  years  ago.  Optical  technologies  loom  on  die  horizon.  The 
rapid  progress  in  the  state  of  the  art  requires  individuals  charged  with  designing  aircraft  measuring  systems  to 
bmme  better  acquainted  with  new  solutions  to  their  requirements. 

This  volume  is  concerned  with  aircraft  measuring  systems  as  related  to  flight  test  and  flight  research.  Measure¬ 
ments  that  are  digital  in  origin  or  that  must  be  digitized  are  discussed.  Sampling,  encoding,  transmitting,  and 
storing  the  data  are  dealt  with.  Examples  of  actual  solutions  to  these  problems  will  be  ^ven.  This  volume  will 
provide  an  overview  and  introduction  to  the  various  areas  of  concern  in  modem  aircraft  digital  measurement. 
Processes  taldng  place  on  the  aircraft  rather  dian  on  the  ground  are  emphasized. 

There  is  no  one  right  way  to  instrument  an  aircraft.  Different  otganlzadont  have  different  goals  and  require¬ 
ments.  An  aircraft  manufacturer  has  a  different  emphasis  than  an  organization  concerned  with  basic  aerody¬ 
namic  research.  The  maniifecturer’s  primary  concern  is  to  validate  the  aircraft  design  and  to  prove  its  safety. 
While  a  military  flight  testing  organi^on  may  be  mote  concerned  with  gaining  experience  in  a  particular  air¬ 
craft  to  write  flight  manuals,  a  flight  research  organization  may  be  more  concerned  with  measuring  the  airflow 
over  a  wing  or  doing  precise  wind  calculations.  Some  organizations  can  design  in  the  test  instrumentation 
when  the  aircraft  is  builL  Others  are  faced  with  the  task  of  installing  equipment  in  places  that  the  designers 
nova  envisioned. 

Por  example,  designers  of  avionics  systems  in  civil  transport  aircraft  proceed  from  a  rigid  criteria  for  avionics 
box  size  and  function.  The  designer  of  flight  test  instrumentation  for  fighter  or  small  civil  planes  is  more  likely 
to  use  criteria  *'as  small  as  is  practicable"  with  a  function  uniquely  defined  by  the  flight  test  progrant. 

The  organizations’  diverse  missions,  together  with  the  natural  tendency  to  continue  with  fruniliar  approaches 
to  problems  and  equipment,  create  a  wide  range  of  solutions  to  flight  measurement  problems. 

1.1  Deflnitloiis 

What  parameters  are  measured  in  fli^  that  are  of  concern  to  distal  signal  conditioniog?  Nearly  all  parameters 
in  modem  flight  test  eventually  become  digital.  Even  analog  tensors  are  digitized  for  inclusion  into  databases 
at  some  point  Avionic,  systemt  communicate  by  way  of  digital  data  buses.  And  increasingly,  data  is  being 
digitally  stored  in  memory,  tape,  mid  disk.  The  foUov^  basic  terms  found  in  this  volume  are  defined. 

A  BMiwinrod  to  |foe  physical  quantity  to  be  measured,  such  as  temperature,  pressure,  or  strain. 

A  traimfoictr  it  a  device  foat  converts  a  measurlnd  into  another  form  of  energy.  For  flight  test  instrumentation, 
thitencty  is  typically  electrical  or  optical. 

Sigfoil  WMifliHmiiiit  is  necessary  to  convert  a  transducer  output  to  a  form  required  for  input  to  a  recorder, 
con^hifet  or  feintoefry  device. 

Digiial  aignel  conditimiiiig  it  defined  as  converting  a  transducer  oufout  signal  to  the  digital  domain  and  passing 
it  to  a  recording,  computing,  or  telemetry  device.  Conditioning  or  altering  signals  between  different  forms  in 
foe  analog  domain  is  not  discussed  in  thU  volume.  See  reference  1  for  a  discussion  of  this  tt^ic. 
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12  SampUng  in  ttie  Analog  World 


iDie  adage  !te..iiie>uiic  it 'to  change”  nuns,  up  the  tkiU  lequiied  to  meaiure  phenomena.  The  .problem  is 
twofold.  Hist,  probing  a  medium  dithubt  it  S^nd,  no  measuring  device  is  peiiiBcL  Conectinteiptetadonof 
iy>unpvrfi  thf  mfdiMm  wn  rfiehirfwrf  ami  hftu;  mucbefifW  that  Contributes  along  with  sensor  imperfection 
Uthptey  tP  caoBctinteipretstionof  tbexesu^  ,  .  ^  ^ 

Wheb  t  riinvdrrion  is  iiiade.'iiriiedier  between  himian  languages  Or  betweetaanalogand  digital,  somethb^ 
itttbetraiiidatioin.  U  it  si  trulra  that  becatiro  It  bat  been  changed,  it  U  diflotat  Ihe  advantage  of  handling  data 


s  digital  «tg«»ai  is  pasted  at  a  two-state  value,  wide  tolerances  in  the  signal  levels  can  be  accepted  and 
,stUi»taiatheiafiatination(fig.  M(n))<  However,  most  meaturands  of  interest  are  mote  appropriately  thought 
of  at  being  in  die  analog  domain  (rignal  ■««pti*»»<t*  varies  with  time).  Rgute  l-’l(b)  shows  a  sample  analog 
aignai  sjost  mMuratMta  iMfy  tn  «t^n  atnniints,  nfti  large  (digital)  jumps.  The  problem,  than,  becooKs  one  of 
translating  analog  phenomena  tnm  a  digital  aignai  while  keying  introduced  error  to  a  known  minimum. 


(a)  Digital  signal  tolerance.  (b)  Analog  signal. 

Figure  1-1.  Digital  and  analog  signals. 


1 JLI  Common  einmples 

FiguK  1-2  shows  a  typical  aircraft  data  acquisition  system.  Data  flow  fiom  the  sensors  to  the  recording 
mechanism.  Note  that  tegatdiess  of  the  sensor  type,  the  data  become  digitized  for  recording.  There  are  many 
ways  to  Send  the  data  diinugh  the  system.  The  method  shown  converts  each  of  the  inputs  to  a  parallel  digital 
word.  The  sequenodr  then  miiidpldxes  these  digital  words  in  a  repeating  sequence  and  sends  ea^  digital  wotd 
out  in  seriaL  Synchronization  words  ate  added  to  assist  data  reconstruction  later.  This  serial  bit  stream  is 
finally  recorded  on  tape  and  transmitted. 
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122  EtllKtiaii4pitMIt  (problem  areai) 

SempUng  iAboducet  iti  own  problems.  Sampling  Is  looking  at  a  Ugnal  at  discrete  moments  in  time.  Ibe 
more  the  signal  is  looked  at,  the  mon  die  sampling  rate  increases.  In  theory,  as  the  sampling  rite  approaches 
infinity,  the  original  signal  is  seen,  widi  no  error  introduced  in  sampling.  However,  In  reality  the  signal  must 
be  saittpled  less  than  infinitely  often.  Sampling  circuit  limltadoos,  as  Well  as  limitatiotts  in  ability  to  process, 
transmit,  or  record  high  data  rates,  force  decisions  about  how  fttft  the  sigiial  must  be  sampled.  If  the  aapspling 
rate  is  too  low,  In^ortant  information  can  be  lost  Sampling  too  Ugb.  wastes  bandwidth  resciitroei 

Consider  an  8-Kz  signal  sampled  only  once.  The  rrconstrunted  signal  win  look  likeaDC  level  udioieair^illtude 
Is  \4ttlever  the  signal  hai^iened  to  be  when  It  was  san^led  that  one  time.  This  is  an  extreme  example  of  a 
phenomena  known  as  alia^g  and  Is  discussed  in  section  33.3. 

13  Tradeoff  CoruddentioBS 

While  sampled  data  systenu  can  lose  important  Information  if  sampled  too  tow,  there  are  other  factors  that  can 
lead  to  toss  of  data.  Hltering  techniques  employed  to  assure  that  aliasing  does  not  occur  must  be  applied  BE¬ 
FORE  sampling  (sec.  33.3).  Electn^c  flitting  cannot  be  used,  for  example,  where  scanning  pressure  trans¬ 
ducers  are  used.  The  only  antialiasing  filtering  that  can  be  done  here  is  in  the  mechanics  of  the  pressure  lines. 

Tbchniques  other  than  8aihpk<'.  sydtenis  can  be  subject  to  the  same  deficiencies.  Systems  like  FM 
recording — ^where  an  analog  volume  modulates  a  frequency  around  a  carrier  center— are  thought  to  be  “con¬ 
tinuous.**  However,  an  FM  Bgnal  cannot  be  demodulated  at  one  discrete  point  in  time.  It  takes  at  least  two 
points,  usually  two  zero  crossings,  to  determine  the  frequency  AT  that  time.  This  implies  that  arbitrarily  large 
input  variadona  (ctmtinuous  signals)  cannot  be  supported  because  of  the  finite  time  it  takes  to  demodulate  a 
pi^cular  frequency.  Instantaneous  determinatiott  of  frequency  at  infinite  resolution  is  required  to  actually 
support  a  continuous  analog  input  This  is  analogous  to  saying  diat  the  system  must  have  an  infinite  number 
of  samples  to  be  truly  a  continuous  reading,  which  is  impossible.  Everything  has  a  bandwidth,  although  some 
bandwidths  ate  larger  than  others.  Because  the  carrier  is  centered  at  a  particular  finite  firequency  and  doesn*t 
have  an  infiidte  modulation  rate,  the  ability  of  the  carrier  to  “cany"  information  could  be  exceeded. 

Another  example  is  an  AM  signal.  Rgute  l-3(a)  shows  a  modulated  carrier.  Tb  reconstruct  the  information, 
there  is  an  interpolation  connecting  the  dots  shown  broken  out  (fig.  l-3(b)).  This  process  is  identical  to  the 
process  of  reconstructing  a  sampled  dgnal.  If  the  carrier  frequency  is  too  low  for  the  information  it  carries, 
there  won*t  be  enough  dots  to  connect  and  still  retain  the  information  required  and  aliasing  wiil  take  place. 
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(«)  AmpUtudc-modulatedwavefonn.  (b)  Demodulated  waveform,  sampled. 

Figure  1-3.  Sampliog  nature  of  amplitutte  modulation. 
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2  DIGITAL  PROCESSES  IN  FUGirr  TESTING 

2.1  AvtookiSyiteias 

tlife  wool  ^vlooldi"  U  a  contncdoo  of  the  wotdt  "aviatkm”  and  ‘’dectronics.’*  and  It  may  inchide  dl  elec- 
tfottlo  nibayildna  on  ah  abctaft.  Ih  paolcidar,  avibidct  tefien  to  those  dectionic  subsystems  that  are  diiecdy 
oonoemed  with  flight  control,  weapon  systems,  navigation,  and  coclcpit  display.  In  most  aircraft,  these  sys¬ 
tems  are  part  of  timopciatkmdaiiciaft.  and  modifications  to  dteae  systems  are  not  regarded  U^y.  Theyare 
designed  to  eiaedpg  spedfladiona.  and  packaged  to  facilitate  easy  replacement  by  nonexperts. 

Avlmica  syatoma,  is  defined  previously,  are  not  the  subject  of  this  AOARDograph.  See  reference  2  for  more 
information  on  hdooica  systi^  However,  because  flii^t  testing  ftequently  requires  their  data,  some  avionic 
communication  standards  are  discussed  in  section  6. 

2.2  Dsitf|  AcquWtion  SysteiiH 

Plight  testing  requirements  usually  have  tUfferent  ground  rules  than  avionics  systems,  as  defined  earlier.  Easy 
replacement  of  data  acquisition  equipment  is,  of  course,  desirable.  But  mote  important  is  how  flexible  the 
system  is,  how  euy  it  is  to  alter  (to  test  other  flight  conditions),  and  how  small  it  is.  Data  acquisition  tradi¬ 
tionally  is  open  loop;  that  is.  data  are  acquired  and  stored  or  transmitted  for  analysis,  but  not  fed  back  into  the 
aircraft  to  control  it  A  test  dqilay  may  be  available  to  the  pilot,  but  this  is  seldom  a  display  certified  for  safe 
fit^refoienoe. 

23  Signal  Proceadog-Conditioiiing 

Referring  back  to  flgwe  1-2,  notice  that  three  different  types  of  sensors  ore  shown.  The  position  senscr,  which 
may  measure  control  aurfoce  position,  is  a  potentiometer  whose  voltage  output  varies  proportionally  with  wiper 
position.  ‘Ibis  analog  output  mutt  be  converted  to  a  digital  vrord.  The  par^e  sensor  mutt  convert  individual 
pattide  detection  to  an  aggregate  total  number  of  particles  detected.  The  pressure  sensor  ouq>ut  is  a  fiequency 
that  it  proportional  to  the  pressure  applied.  Tttis  ^uency  must  alto  be  converted  to  a  digital  value  for  use  in 
the  data  acquisition  system. 

Some  tensors  are  regarded  as  ‘'digital"  tensors  because  the  convertion  to  the  distal  domain  (conditioning)  is 
done  at  the  sensor.  For  example,  if  the  only  output  from  the  “sensor"  box  it  digital,  then  it  is  tiansparent  to  the 
engineer  using  it  that  the  pressure  sensor  it  an  element  of  a  tuned  dicult  (the  output  of  which  is  fluency). 

Once  the  Initial  “conditioning"  to  the  distal  domain  is  done,  then  the  data  must  be  finally  passed  to  some 
recording  mechanism.  TMs  may  mean  that  the  data  need  to  be  forther  conditioned  to  ease  th^  transfer.  For 
instance,  agton  referring  to  figure  1-2,  the  dtoa  are  multiplexed,  converted  to  aerial  (changing  thdr  condition 
again),  and  then  pethnpa  filtered  (ftitther  conditioned)  for  telemetry  transmission  or  onboard  recording.  The 
data  may  be  used  onboard  in  oottputotlons  for  cockpit  displays  or  data  tttinning.  ibis  type  of  signal  processing 
Is  increasingly  boinoton.  Ibe  conversioas  and  filtering  are  performed  on  the  digital  data  to  ease  their  transfer 
and  in  no  way  alter  the  basie  dlgita)  information  content 

lA  HardwnNCoatoderntioiia 

2A3  IhcinMiogy 

Itoptovanmre  of  etochooictedaKflogy  has  proceeded  at  an  Incredibte  It  is  difficult  to  maintain  an  aware¬ 

ness,  initofi  Into  a  janfideamr,  in  every  deydopmeat|fato  eaten  cominetclai  production.  (SeoeraUy.anelec- 
tronie  designer  woetdagagti^  a  deadline  will  design  with  tile  fantiliat  Tbking  the  time  to  learn  the  ins  and 


outs  of  a  new  technology  is  a  luxury  thtt  frequo^  cannot  be  iiidiilged  in.  Often  new  techniques  must  be  used, 
particulaily  when  requirements  dictate  lower  power,  higher  speeds,  and  smaller  package  size  than  what  can  be 
provided  known  techniques. 

The  design  engineer  often  needs  to  have  experience  with  new  technology  and  tediniques  before  recommending 
it  There  .nre  too  many  unknowns  to  mate  a  flrtn  oommltment  to  schedule.  Technique  advancement  then 
.requires  a  Stosightod  project  manager  or  a  risk-td^  design  engineer  willing  to  ^>end  long  hours  perfecting 
the  undetstindipg  of  (he  technique  in  questioiL 

There  ate  curcently  several  technoto^  to  choose  ftom  when  selecting  components  to  implement  digital  logic 
drcuits.  Details  of  these  devices  ate  found  in  manufacturers’  data  books  (refo.  3  thiou^  7).  Reference  8 
dlscHSiea  technology  femlly  trsdeofb.  Ihe  basic  tradeoffii  made  in  selecting  a  logic  family  ate  power  con- 
steUptioo,  gafoi^ete.  notes  ^itIml^ty.clrcuh  density.  ou4te<Wve  (forfait),  cost,  and  teliabiU^. 

2^.1  Bipolarlotte 

This  line  of  logic  components  is  the  first  line  of  digital  Integrated  drcuits  to  come  into  cornmerdal  usage.  The 
technique  uses  bipolar  transistors.  Historically,  the  order  of  devdopment  and  usage  was: 

Ditect-coupied-tran&lstor  logic  (DCTL) 

Resistor-transistor  logic  (RIL) 

Diode-transistor  logic  (DIL) 

Tlraoaistor-^raosistor  (Til.) 

A  DCTL  device  had  poor  ndse  immunity  and  high  current  consumption.  An  RTL  device  was  low  speed,  and 
had  poor  noise  Immunity  and  low  fen-out  A  DTL  device  reduced  power  requirements,  but  at  the  expense  of 
being  slower.  All  of  these  technologies  are  obsolete  and  are  not  used  in  new  designs. 

The  TIL  devices  have  been  by  fer  the  most  popular  logic  family  for  nearly  20  years.  This  logic,  or  variations 
of  it  can  still  be  found  in  new  designs,  although  its  popularity  is  waning.  It  boa^  hi^ier  noise  immunity  than 
its  predeoeatora  and  is  fester.  Subfitmiliei  of  TTL  have  been  introduced  to  Improve  various  characteristics,  like 
lower  power  consumption  or  higher  speed.  A  commercial  logic-integrated  circuit  (IC)  is  easily  tecognized  by 
its  prefix  of74.  A  military  spedflcationIC  prefix  is  generally  54.  the  subfamilies  follow  the  prefix  with  letters 
Indicafing  the  subfemlly,  as  follows: 

AS  Advanced  Schottky 

ALS  Advanced  low-power  Schottky 

H  HQgh  speed  (up  to  50  MHz) 

L  '  Low  power  (up  to  3  MHz) 

LS  Low-power  Schottky  (up  to  45  MHz) 

S  Schottky  (up  to  125  MHz) 

Bipolar  logic  femlUes  ate  inherentiy  current  devices,  because  bipolar  junction  transistors  are  current  driven. 
Therefore*  output  . drive  is,  limited  to  some  finite  number,  usually  stated  in  terms  of  how  many  logic  inputs 
(in  the  same  logic  family)  can  be  fed  before  foe  current  demand  moves  the  output  voltage  into  the  transition 
(indeterminate)  region.  Ihis  unit  of  drive  capability  is  called  the  fan-out  Pan-out  for  TTL  devices  is  usually 
around  10.  Sudtching  speeds  are  regarded  as  fest  because  of  the  use  of  transistors  rather  than  passive  resistor- 
capacitor  coupling  betti^  most  stages. 

IAX2  Emittet^couplad  logic 

Effii^-coupled  lode  (ECL)  is  chreacterized  by  extremely  high  speeds,  into  the  1-  to  2-OHz  range.  The 
tfadeoff  ia  t^  it  auo  hail  hi^poitef  conaumiition  ted  low  dr^t  density.  Ihe  !B(X  operaies  In  the  tefive 
region  of  the  trteilstof--whitfoenlteicea  its  s^^  Thehi^jfowerconsumptioii  and  low  circuit  dendty  limit 
its  uie  on  aircitnft.  It  is  sete  priritatiiy  in  maInframe  conyutets. 


X4.U  CMOSIotii! 
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Cdii^mditey  nuial  oxide  lenlobaductor  (CMOS) 

as  bipidir  ckcuitt  ns.  Tb^  ate  vidtace  ddvoa  becauie  CMOS  uMS  fidd  effsct  transUtoa  (FETi),  wUch  are 
vbUaie-dtiveadevloea.  TliitbwbatailowifbrtfaelowpoweroonauinptiooofCMOSdeyices.  Wlihaooiutant 
voltaf)eaiidIoiarciiiitttkalcafB.po««rdiiaipnioasiaibeiidGn>^^  AMtage-driven  gates 

ftir  niudi  lldi<outs  ttiaa  can  be  addeved  with  bipolar 

The  CMOS  device  baa  existed  fix-  leveral  yean  ia  the  farm  of  the  4000  leiiea  parts,  it  boasu  hii^  noise 
immunity  aod  extreaidy  low  power  oonsunptioc,  whidi  hu  nude  it  popular  lor  battoy-operated  equipment 
However;  4000  series  CMOS  is  very  slow  ndiea  compared  widt  the  bipolar  logic  families  (flg.  2-1). 

As  technology  has  progtesaed.  other  CMOS  lo^  fismilies  have  been  developed  to  be  plug  replaceable  with 
exiatlng  bipolar  log^  fiimilies.  For  example,  the  S4HC/74HC  family  wu  designed  to  rqrlace  the  S4LS/74LS 
bipolar  family.  It  retains  much  of  the  bipidar  speed  but  reduces  the  power  coosunq>tion  while  inqxoving  noise 
immunity  characteristic  of  CMOS.  Later,  the  54AC/74AC  family  was  designed  to  replace  the  S4Ha74HC 
funily  increaaitig  the  ^sed. 

lAlA  Logic  ftuniltescoiapared 

Table  2^1  shows  a  comparison  of  several  lo^cfiunllies.  The  function  chosen  for  comparison  is  a  quad  2-input 
AND(four  AND  gates).  The  table  is  generally  ordered  from  slowest  to  fastest  logic  part  Figure  2-2  shows  the 
input  and  output  current  and  voltage-naming  conventions  used  in  table  2-1.  Figure  2-1  gnphlcally  illustrates 
the  speed-power  tradeofb  between  lo^  families.  Note  that  the  AC  and  ACT  logic  families  generally  yield 
the  best  ap^  und  the  lowest  quiescent  power. 
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TUde2^1.  Compniion  of  logic  fimiliet. 
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Figure  2-2.  Logic  circuit  panuneter-muning  conventions. 


Wtaereu  oklef  MOS  gates,  although  lets  ‘‘power  luuigry,'*  were  considerably  slower  than  TIL  bipolar  parts, 
newer  metal  oxide  semiconductor  (MOS)  devices  not  joly  use  much  less  quiescent  (steady  state)  power  than 
TIL,  but  they  are  also  &ster  and  more  noise  immune.  They  also  retain  the  circuit  densities  that  have  made 
laige-acaie  integration 

Minor  pioMems  arise  when  mixing  logic  families.  In  table  2-1,  the  differences  in  the  input  and  ouqxit  threshold 
voltages  can  result  in  Ulogical*'  logic.  For  example,  the  74AC0B  expects  logic  “1”  ^puts  to  be  no  less  than 
3.  IS  V,  whereas  a  74BN  logic  “I"  output  may  be  u  low  as  2.7  V  (flg.  2-3).  Where  a  74P08  ouqtut  is  feeding 
a  74ACXM  InpuL  a  puUup  resistor  is  required  to  puli  the  74P06  ouqnit  higher  when  it’s  in  the  Ic^c  “I”  state. 
This  has  an  Impact  on  component  count  (acting  resistors)  as  well  as  gate-transition  speed. 
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The  HC  fiunily  can  rq>laoe  LS  logic  if  all  the  log^c  were  LS.  However,  there  is  both  an  HC  and  HCT  family 
(ai  well  as  AC  and  ACT)  because  of  tfait  interfacing  problem.  As  long  as  the  entire  design  uses  LS  logic, 
either  HC  or  AC  logic  can  replace  it  However,  the  design  may  rely  on  maintaining  LS  voltage  levels  for  other 
logic  interfacing.  Because  HC  improves  noise  immunity  by  wider  separation  of  acceptable  input  voltages 
for  logic  “r  or  ‘XT  than  does  LS  logic,  problems  may  a^.  Therefore,  HCT  and  ACT  logic  families  were 
developed.  They  retain  the  reduced  power  consumption  of  the  HC  and  AC  families,  but  sacrifice  the  improved 
noise  immunity  in  favor  of  mimicking  LS  tolerance  levels. 

I4Jl,S  Problem  ateu 

The  improvemeota  made  in  logic  are  not  a  panacea.  New  problems  have  arisen  that  require  watching.  For 
instance.  CMOS  logic  outputs  have  higher  output  impedance  (2)  than  bipolar  families,  ^though  CMOS  has 
hitter  ntdae  immunity  thim  bipolar  families  (because  of  greater  separation  of  logic  output  voltages),  they  are 
more  tuscepdbk  to  external  signal  coupling  as  a  result  of  their  hi|^  2L  Cate  must  be  taken  in  circuit  layout 
to  ndnlndae  crosstalk, 

The  AC  logic  is  suaceptible  to  a  condition  known  as  “ground  bounce.”  This  condition  occurs  when  logic 
tolerances  are  altered  because  of  high  frequency  signals. 

2A1,6  Progranunable  logic  devices 

The  moat  interesting  logic  devices  to  gain  popularity  lately  are  programmable  logic  devices  (PLD’s).  Dif- 
fieteht  manufabtuieti  tefEr  to  this  data  of  device  by  various  names  like  programmable  array  logic  (PAL)  and 
programmable  logic  array  (PLA).  The  underlying  idea  is  the  same:  they  ate  hardware  lo^c  gates  and  flip- 
flopS  ndmae  interconnectiofis  are  programmable.  Some  devices  are  programmed  once  only.  That  is,  once 
programmed,  they  cannot  be  altered  again.  Others  ate  ultraviolet  (UV)  erasable  electrically  programmable 
logic  devices  (BPLD'a)  and  can  be  tqirogrammed.  All  of  these  devices  offer  the  best  of  both  worlds— the 
VWd  of  haniwate  logic  and  the  flexibility  of  prograniffliag.  In  easence,  it  is  a  way  of  programming  hardware. 

MaUng  logic  chnngee  is  as  euy  as  teprogrammlng  an  IC  rather  dian  (necessarily)  requiring  circuit  board 
nfoimicaHbai.  PLD’s  also  allow  more  customized  “^dwited"  logjo  to  be  packed  into  a  small  area.  The  ma)or 
drawback  la  that  foelr  speeds  never  match  small-scale  integration  (SSI)  lo^  like  the  AND  gates  desolbed 
earlier.  Also,  it  naay  tie  morodUflcult  to  troubleiboot  the  logic  if  tlw  signals  requiring  monitoring  ate  buried 
laiida  tIhelPli}  svlibeo  exitenal  le^ 
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Z44.7  Hyttrid  dreuits 

When  it  it  necetMty  to  miniatuiize  systems,  hybrid  dicuits  may  become  aeoettary.  Hybrid  dicuits  are  a 
group  ofmoaolitiiic  lC‘t,  resistors,  and  capacitoa  that  are  wired  at  a  dicuit  A  unique  quaiity  of  hybrids  is 
that  the  iC't  are  the  *lchipt*— without  their  carrier  package,  which  saves  board  space.  The  hybrid  technique 
requires  niaiiiial  flibrication,  a  disadvantage  which  drives  up  the  cost  Savings  of  scale  are  minimal  because  of 
the  manual  labor  invol  ved. 

14.2  Envirowiiantal  considerations 

Airborne  electronics  often  encounter  a  wide  mage  of  environments.  For  example,  a  fighter  aircraft  may  absorb 
tremendous  heat  sitting  on  a  ramp  in  the  desert  The  aircraft  then  takes  off  and  flies  to  hi^  aldtu^s  (low 
ambient  pressure)  where  ambient  temperatures  are  -S0*C,  thrn  returns  to  the  hot  desert  floor.  The  same 
aircraft  might  be  flown  fiom  the  deck  of  a  damp  aircraft  carrier.  The  possibility  of  high  electromagnetic 
radiadoo  enviraament  operatioo  must  be  considei^  as  well. 

Operatioaal  aircraft  eiectronics  are  designed  to  withstand  all  the  extremes  Just  listed.  This  dramatically  in¬ 
creases  the  cost  of  flight  systems  as  a  result  of  more  difftcult  design  and  manufacturing  constraints  plus 
requited  testing. 

Often  in  flight  t^  design  criteria  can  be  relaxed  considerably  because  the  mission  ground  rules  can  be  mote 
controlled.  In  most  cases,  instrumentation  equipment  ftdlute  results  in  the  termination  of  data  acquisition  and 
does  not  endanger  the  safety  of  the  aircraft.  Also,  mission  rules  may  dictate  operating  only  in  clear  weather 
when  the  ramp  temperatures  are  below  30*C.  The  test  instrumentation  could  be  located  in  a  pressurized  area 
vriieie  there  is  good  airflow.  These  rules  would  allow  the  instrumentation  to  be  less  expensive  and  to  be 
designed  more  quickly. 

Another  environmental  consideration  that  it  gaining  importance  it  electrostatic  discharge  (ESD).  Static  electric 
charges  build  tqr  on  the  bodies  of  personnel.  An  example  of  electrosT'  ^' discharge  is  the  sparic  generated  when 
reachlrigfer  a  doorknob  on  I  dry  winter  day.  The  disduuge  can  cause  ironic  components  to  be  damaged  or 
destroyed.  Lett  known  it  that  ctn  damage  electronic  components  even  when  it  hasn’t  built  to  the  level  of 

discharging  a  spark.  TIdt  sensitivity  to  ESD  worsens  at  IC  fife^tlon  technologies  shrink  1C  line  widths  to  fit 
mote  logic  on  a  substrate.  Frecautioiu  must  be  taken  to  prevent  damage.  Personnel  working  with  electronics 
mutt  be  grooiKled  through  high-impedance  leads.  Hiph-impedance  leads  allow  a  charge  to  drain  off  gradually. 
If  a  charge  drains  instantaneously,  high  currents  would  flow  or  a  spark  would  occur. 


2AJ  Architecture 


1 ,  3' 


There  ate  many  ways  to  design  a  data  acquisition  system.  In  most  engineering  endeavors,  compromises  must 
be  made  dependiog  on  design  oodstralnta.  For  example,  constraining  a  system  to  be  under  KXX)  cm’  and  less 
than  5  kg  probably  constrains  the  power  dissipation,  but  not  the  cost  (^mizing  the  cost  may  minimize  the 
riiaimylf  available  aud  rirtgrotiM  mmmiitn  ityj.  poSSlMg. 


As  table  ?r-l  lliustrates,  modern  togiefiuhilies  ate  becoming  futer  and  dissipate  less  power  than  befbte.  The 
siaeof  IC  oompoaenta  la  also  shrinking.  wUdi  means  that  moce  electronics  per  unit  area  is  possible.  This  in 
turn  drives  up  the  dissipation  requirements.  While  the  units  ate  shrinking,  the  computational  requirements  are 
increasing.  These  lacteased  computational  requirements  can  drive  an  Increase  in  unit  size.  The  usual  tradeoff 
is  size  as  opposed  So  peribanaaoe. 

Data  aettaliitltiaoa  an  aircraft  can  be  caiegoiizedliito  three  basic  groups;  centralized,  distributed,  and  separate. 
A  ceattiUzed  data  acquiaiflon  ayatem  has  one  central  controller  that  directly  controls  the  data  acquisition  of  an 
thesenaofs.  ItabodetetmineswhattheouiputdataBtreamwlUbe.  Referto  figure  1-2  fbraaimpllfled  example. 


I 


..'-aB 


A  dUtribuled  datt  acquisition  system  is  more  looKdy  coupled.  It  may  be  thought  of  as  several  “central”  data 
acquisition  systems  that  share  inlbrmation--U8uaUy  through  digital  serial  channels.  One  system  directs  the 
sampling  Of  the  rest,  but  the  acuial  sanq^ling,  filtering,  and  conversion  into  digital  form  is  done  at  each  remote 
locaikMi.  Ustributed  systems  ate  import  when  long  lengths  of  thick  wire  bundles  must  be  avoided,  such  as 
on  large  airdtaft  with  ^dely  separated  sensors  or  on  small  tdrctaft  with  no  room  for  wire  bundles.  “Separate” 
data  acquisition  systems  coexist  on  an  aircraft  but  have  nothing  to  do  with  each  other.  Hiis  is  ftequently  the 
^pleat  approach  but  has  the  disadvantage  of  not  allowing  all  the  aircraft  data  acquisition  to  be  synchronized. 
Although  this  approach  may  work  for  “gross”  observation  of  dam,  it  is  frequently  intolerable  for  research. 

2,5  Sofltvrare  Contdderatioiis 

2JSA  iJingmigaa 

There  was  a  time  when  a  dear  delineation  was  made  between  software  and  hardware.  Tb  a  software  engineer, 
hardware  was  soihethlng  that  software  was  run  on.  Tb  a  hardware  engineer,  software  was  the  afterthought  of 
the  hardware  buildup  process. 

With  aircraft,  if  software  was  needed,  it  was  in  assembly  language.  This  was  the  responsibility  of  the  hardware 
engineers.  Aircraft  systems  had  to  tun  fast  Programming  was  viewed  as  logic  replacement  and  software  was 
embedded  into  the  hardware.  The  fastest  way  to  run  code  was  to  program  in  machine  code  or  its  slightly  more 
human  readable  form  called  assembly  language. 

With  the  advent  of  highly  digital  aircraft,  the  thought  of  programming  and  verifying  several  interconnecting 
digital  systems  all  prograinmed  in  assembly  language  is  horrifying.  The  difficulty  in  “thinking  like  a  machine” 
is  increased  considerably  because  of  the  complexity  of  several,  usually  asynchronous,  systems.  Increased 
processing  speeds  and  Ugher  density  memories  have  allowed  higher  level  languages  to  be  considered  for 
many  onboard  systems. 

A  high-level  language  allows  the  programmer  to  write  code  in  a  more  abstract  manner— the  prograiAmer’s 
attention  can  be  spent  more  on  solving  the  problem  than  on  moving  bits  around  a  machine— which  is  where 
much  of  the  assembly  language  programmer's  time  is  spent  The  Uudeoff  is  that  the  programmer  itat  less  to  do 
widi  the  machine  level  and  a  certain  level  of  control  is  lost  Widt  a  high-level  language,  overhead  is  increased 
(taking  mote  time  and  memory  to  execute  code).  But  time  to  code  the  solution  is  usually  decreased  (more  time 
spent  on  striving  the  problem  and  less  time  telling  the  machine  how  to  implement  it). 

Many  high-level  languages  ate  in  use.  Four  of  the  most  r^resentative  and  important  languages  are  FORTRAN, 
PAS(]AL,  “C,”  and  ADA.  The  FORTRAN  (FORmula  TRANsIatlon)  language  has  existed  since  the  19S0’s 
and  is  still  a  very  well  understood  and  popular  language.  It  excels  at  just  that— translating  formulas  (“number 
crunching”).  In  earlier  fbtms  it  relied  on  a  “threaded  code”  concept  to  pass  control  around  a  program.  This 
form  is  mote  difficult  to  ftdlow  than  the  so-called  structured  program  concept  used  by  FORTRAN  77  and  the 
quintessential  model  of  structured  programming,  PASCAL. 

The  PASCAL  language  was  developed  to  teach  sUidents  good  structured  programming  concepts.  Tb  this  end,  it 
maintains  a  “death  grip”  on  programming  technique.  It  also  separates  the  programmer  from  the  hardware— by 
definition.  PASCAL  is  largely  self-documenting.  Variables  are  strong’-  typed  (integer,  real  number,  logical 
variable,  and  so  forth),  and  the  use  of  pointers  and  record  structures  allows  queues,  linked  lists,  and  data 
structaitea  to  be  implemented  easily.  The  oudn  drawback  for  embedded  data  system  applications  like  aircraft 
avionics  is  that  ttie  teal  world  intru^  on  this  view  of  a  structured  universe  and  hooks  into  the  hardware  must 
be  provided.  Because  PASCAL  (in  standard  implementetlons)  is  hard  to  fool,  the  usual  approach  is  to  call 
assembly  language  subroutines  to  do  the  hardware  access.  Tte  programmer  will  then  spend  time  working 
around  die  program  to  accomplish  the  task. 

The  “C”  language  was  developed  at  Bell  Labs,  Murray  Hill,  New  Jersey.  Its  main  purpose  was  to  build  op¬ 
erating  system  elements— UNIX  in  particular.  There  ate  two  advantages  to  this.  First,  the  operating  system 
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programiner  can  write  the  operating  system  code  in  a  high-level  language.  Second,  the  operating  system  is 
more  portable  between  computers  because  the  system  programming  is  written  at  ttte  abstract  level  and  not  at  a 
machine  dependent,  assembly  language  level.  But  operating  systems  must  deal  with  the  real  world  of  system 
input-output  (disk  read-writes,  terminal  access,  printing,  and  so  forth).  The  program  is  less  strongly  typed 
thu  Pi^CAL  and  allows  much  "bit  twiddling,"  or  Ut  manipulations.  In  fact,  "C"  fits  in  a  niche  b^een 
assemUy  code  and  PASCAL.  It  includes  data  structures,  block  structuring  of  code,  and  high-level  parsing  of 
coding,  and  allows  the  programmer  to  bypass  much  of  it  Usually,  when  high-level  language  concepts  are 
bypassed,  the  code  is  less  portable.  Also.  “C*  language  is  fiequently  less  readable.  As  "C”  is  a  very  cryptic 
language,  con^derable  attention  must  be  paid  to  making  it  readable.  It  is  not  a  self-documenting  language. 

The  most  touted  and  controversial  high-level  language  to  come  along  in  recent  years  is  ADA.  Unlike  “C”  or 
PASCAL,  which  came  out  of  development  groups  and  universities  and  gained  acceptance  in  a  “bottom  up” 
fashion,  ADA  is  advocated  by  the  U.S.  Department  of  Defense  (DoD)  as  a  standard  language  for  all  coding 
done  on  its  programmable  systems.  The  advantage  of  this  standardization  is  that  overall  system  maintenance 
costs  are  minimi?^  because  latger  pools  of  expertise  are  maintained.  The  ADA  language  is  designed  to  be  all 
things  to  all  people.  It  developed  out  of  committee  (top  down)  and  is  a  very  large  compiler.  It  is  so  large  and  so 
slow,  in  fact,  th^  the  writing  of  compilers  for  different  machines  and  the  verificadon  of  them  is  a  long  process. 
By  definidon  no  extensions  are  allowed,  so  all  bases  must  be  covered  within  the  language.  The  end  result  is 
a  language  that  is  too  large  and  too  slow  for  many  of  the  microprocessor-embedded  applications  (including 
logic  replacement  fhncdons)  on  board  aircraft.  However,  because  DoD  is  mandating  its  use,  the  flight  test 
commudty  must  take  ADA  seriously. 

2,5,2  Software  dcvdopinent 

Software  development,  like  hardware  development,  requires  a  clear  definition,  a  development  plan,  and  a 
verification  process  of  the  problem  to  be  solved.  Tbols  are  needed  for  writing  the  code  and  debug^ng  it.  The 
time  and  tools  required  to  debug  software  are  frequently  underestimated.  "Data  crunching"  software  requires 
no  Interfttce  other  than  disk  drives,  a  printer,  and  an  operator  terminal.  Software  designed  for  flight  activity 
interfaces  to  many  other  systems.  These  systems  usually  have  their  own  ideas  as  to  when  to  send  and  receive 
signals,  as  they  are  related  to  real-time  processes. 

Usually,  the  code  cannot  be  ftilly  tested  until  it  has  been  run  on  the  aircraft  and  connected  to  the  systems 
used  in  flight  Some  simulation  can  be  done  before  this.  Software  modules  can  be  written  to  simulate  (in  a 
parameter-passing  sense)  the  aircraft  systems.  Language  debuggers  can  be  used  to  examine  trouble  spots  in 
code  execution.  But  timing  checks  are  very  difficult  to  do  without  connecting  to  the  aircraft  systems.  Some¬ 
times  code  is  written  on  one  type  of  computer  and  the  execution  is  targeted  for  another  type  of  computer.  This 
process  is  called  cross-compilation  or  cross-assembly,  dq)ending  on  whether  a  compilation  or  assembly  is 
done.  Cross-compilation  or  cross-assembly  allows  common  ground-based  computers  (designed  for  general- 
purpose  use)  to  be  used  as  a  tool  in  developing  code  for  a  system  that  is  optimiz^  as  an  embedded  system. 
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3  ANALOG-TO-DIGITAL  INTERFACE 

3.1  Anilog-to-Digital  ConVenioii 'Dediiiiques 

Analog-b-di^tai  (A-4:>)  convenion  is  central  to  most  data  acquisition  systems.  If  a  time-varying  voltage  is 
the  ou^ut  of  a  sensor,  and  the  data  vrill  be  stored  in  a  digital  fashion,  it  must  be  converted  firom  the  analog 
domain  to  the  di{^tal  domain.  There  are  several  ways  to  perform  this  conversion.  This  section  will  briefly 
describe  the  mediods  and  the  tradeofEs  between  them. 

3.1.1  Successive  approxiiiiattoii 

Probably  the  most  common  technique  employed  by  A-D  converters  is  successive  approximation.  As  the  name 
inqilies.  the  input  voltage  is  compared  with  a  succession  of  reference  voltages.  Based  on  each  comparison, 
a  new  reference  voltage  is  selected  (either  Mghef  or  lower)  until  within  the  resolution  of  the  converter  the 
comparison  cannot  be  improved.  This  teduiique  is  similar  to  finding  the  root  of  an  equation  by  “guessing” 
a  root,  plugging  it  into  the  equation,  and  then  halving  or  doubling  the  guess  depending  on  the  result.  With 
each  successive  guess,  the  range  of  excursions  to  the  next  guess  is  itself  halved  or  doubled,  until  the  answer 
is  close  enough  (sufficient  resolution).  'Mile  3-1  shows  a  successive  approximation  sequence  of  a  S-bit  A-D 
converter  that  settles  on  the  number  6. 


Thble3-1.  Successive  approximation  sequence. 


Binary  Output 

Description 

11111  > 

Think  of  the  process  as  removing 

01111  > 

calibrated  wdghts  fiom  a  scale 

00111  > 

balance — five  weights,  each 

00011  < 

weighing  half  of  the  next  higher 

00111  > 

weight  When  removing  a  weight 

00101  < 

tips  the  scale  (<),  then  put  it  back 

00111  > 

on  and  remove  die  next  lower 

00110  s 

weight,  undl  removing  any  lower 

weight  causes  the  scale  to  tip 

to  "<,”  or  the  scale  balances 

This  type  of  A-D  converter  is  used  in  applications  where  sampling  at  less  than  1  MHz  is  sufficient.  It  is 
considered  a  moderate-to-high-speed  converter.  Successive  approximation  takes  time,  but  high  resolution  can 
be  obtained.  Commercially  available  monolithic  IC’s  up  to  16  bits  are  common.  The  higher  the  resolution, 
the  more  conversion  time  is  required  (more  voltage  comparisons  to  do),  aiid  longer  u.Tiplifier  settling  time  is 
necessary  to  minimize  amplifier  dynamic  effects. 


3.1.2  Inttfratkm 

Integrating  A-D  converters  count  pulses  for  a  period  proportional  to  the  analog  voltage  input  level.  The  longer 
a  pulse  train  it  counted,  the  higher  the  int^radoo  value  (of  the  pulse  train)  will  be.  When  the  integrated  value 
riles  to  matdi  the  value  of  the  input  signal,  die  pulse  train  stops.  A  counter  ttiat  has  been  counting  die  number 
of  pulses  now  fieezes,  and  this  value  is  the  digital  output  of  the  A-D  converter. 


D'ul  slope  integration  involves  integralng  the  analog  voltage  input  for  a  pttdetermined  time.  A  mEerence 
input  is  then  switched  into  tite  integrato.*  and  integrates  “down”  to  zero  (where  it  started).  Ihe  time  it  takes 
for  the  second  (down)  integration  process  is  proportional  to  the  average  of  (he  analog  foput  voltage  over  the 
period  of  the  first  integration.  A  distal  pulse  train  pulses  over  the  second  (down)  integration  period  and  a 
counter  keeps  track  of  the  number  of  pul^.  The  resulting  number  is  the  digital  output  and  is  proportional 
to  the  analog  input  Voltage.  The  advantage  of  dual  slope  over  a  single  dope  integrator  is  that  ttie  dual  slope 
increases  accuracy  and  cancels  out  temperabm  effects  contributed  by  resistor  and  capacitor  time  constants.  It 
does  this  at  the  expense  of  requiring  mote  control  lo^c. 

FOr  example,  in  figure  3-1  three  signals  are  shown:  Si,  S2,  tad  S3,  The  Si  signal  is  the  smallest  so  it 
integrates  up  to  the  smallest  level  in  time,  Ti .  When  the  reference  input  is  switched  in  at  Ti .  the  counter  is 
started,  and  all  three  signals  integrate  down  at  the  same  rate.  The  Si  signal  reaches  zero  first  (at  point  Ci), 
where  its  counter  terminates.  Obviously,  if  the  counter  terminated  at  ,  its  value  would  be  greater— indicating 
that  Sa  is  larger  than  St . 


Figure  3-1.  Dual  slope  integration  analog-to-digital  converter. 


Very  high  resolution  data  can  be  obtained  at  moderate  speeds  and  low  cost  using  this  technique.  Multiple 
integration  cycles  can  improve  the  resolution  and  accuracy  at  the  expense  of  speed.  The  integration  process 
reduces  ncise  at  frequencies  whose  periods  are  shorter  titan  the  signal  integration  time  (higher  frequencies).  A 
sample  and  hold  is  not  necessary. 


3.U  Multiple  comparator  (flash)  converter 

This  type  of  A-D  converter  is  the  fastest  because  the  conversion  takes  place  combinationally  (undocked)  all 
at  one  time.  It  does  titis  by  using  many  voltage  comparators  simultaneously.  In  a  true  flasn  converter,  2*-  1 
comparators  are  used,  where  n  equals  the  number  of  bits  in  the  A-D  output  Bach  comparator  is  set  for  a 
different  level  and  graded  in  equal  divisions  fiom  the  minimum  to  maximum  acceptable  input  voltage.  All 
of  the  comparators  with  references  below  tite  input  voltage  will  indicate  HIGHER  and  the  comparators  with 
reference  voltages  above  tiw  input  voltage  will  indicate  LOWER.  It  is  like  reading  a  thermometer,  where  the 
mercury  is  seen  at  each  degree  below  the  indicated  temperature  and  no  mercury  is  seen  at  each  degree  above 
the  iqdfoated  teqiper^iture, 

The  outpttt.of  each  comparator  L  fsd  into  a  priority  encoder  that  converts  the  decoded  inputs  to  an  encoded 
binaty  oulpuL  The  priority  eaooder  requires  2*-  1  Luputs  and  noutiiuts.  This  process  requires  many  accurate 
voltage  conq)aratots  and  gates  for  the  usual  case  where  n  ^  8.  It  is  very  fast,  however,  becaum  the  conversion 
happens  at  once. 


3-3 


Flgitte  Uiowt  a  liable  eaan^k.  Hen,  ns  2.  So  2*-  1 «  3  contpafitor  ttagei  an  nqulnd.  An  extra 
colnpiitator  ill  uaed  to  ionite  ovierrai^ 


Cl  C2  CS  D1  DO 
0  0  0  0  0 


Flash  convettm  are  used  when  high-speed  acquisition  (hundreds  of  MHz’s)  is  required,  but  limited  resolution 
acceptable.  Many  manufactuten  combine  techniques  to  compromise  between  resolution  and  speed.  For 
iiir^ance,  the  most  dgnificant  8  bits  may  incorporate  flash  conversion.  The  result  is  converted  to  analog  for 
subtractiott  fiom  the  original  inptit  voltage,  wMch  is  then  fed  into  another  4-bit  flash  converter.  The  nsulting 
12-bit  ouqrut  is  “flashed”  in  two  steps  (8  bits  plus  4  bits).  This  “dual-flash”  converter  has  the  speed  advan¬ 
tage  of  tiv.  Ml' flash  converter  while  liinitlng  the  number  of  comparators  and  gates  required  (2'^  -  1  s  4095 
compkctitofs  fbr  toe  flill  flash  as  opposed  to  (2*-  1)  +  (2*  -  1)  =  270  comparators  for  the  dual-flash).  Other 
converters  combine  a  flash  stage  >dto  a  successive  approximation  stage — a  so-called  “half-flash”  converter. 

3.M  converter  . 

A  traclcfog  A'-p  <toitveiter  tracks  the  analog  it^ut  continuously.  A  binary  counter  is  continuously  clocked, 
and  the  count  either  Increases  or  deaeases  depending  on  the  state  of  an  up-down  count  control  (flg.  3-3). 
The  0U4>ut  of  flto  binary  ootinter  is  fod  to  a  digitai-to-analog  (D-A)  converter.  This  D-A  converter  output  is 
compart  with  ^  analog input  signal  and  toe  difference  drives  the  up-down  control.  The  counter  is  the^ore 
driven  to  a  count  that  is  proportiomd  to  the  analog  input,  voltage. 


If  Ibe  fiM  U  not  pxceeded,:tbe  oonverter  wUl  track  within  db  1  leant  lignificuit  bit  (USB).  Increasing 

to  dodc  frequency  allowt  for  higher  slew  rate.  Slew  rate  can  also  be  increased  by  rtecieadng  to  resolution 
Oeu  numbers  to  count).  The  tracking  converter  does  not  require  a  sample  and  hold  circuit,  but  its  slew  rate 
limitations  make  it  unsuitable  fbc  malttplesed  or  hii^-speed  sampling  systems  (ref.  9). 


Figure  3-3.  Tracking  analog-to^gital  converter. 


3.1.5  Sigma  delta  converter 

A  sigma  delta  converter  is  au  oversampling  converter  that  is  gaining  popularity  because  of  its  ability  to  provide 
very  high  resolution  digital  output-  A  traditional  A-D  converter  increases  to  number  of  bits  used  for  quanti¬ 
zation  to  yield  a  better  signal-to-noise  ratio.  A  sigma  delta  converter,  however,  improves  to  slgnal-to-noise 
ratio  by  increasing  to  sample  rate  while  allowing  to  number  of  A--D  conversion  bits  to  reduce  to  a  minimum. 

The  name  “sigma  delta"  refers  to  quantizing  to  difference  (delta)  between  to  current  signal  and  the  sum 
(sigma)  of  previous  differences.  Because  this  comparison  is  performed  at  very  high  rates,  the  sigma’s  difference 
from  sample  to  sample  is  typically  small.  Tiwefore,  the  difference  can  te  represented  with  fewer  bits  of 
resolution:  typically  one  bit 

The  smaller  nuinber  of  bits  results  in  larger  quantization  noise.  However,  to  converter  includes  noise-shaping 
circuitry,  which  eskentlally  "lifts"  or  “pushes"  noise  out  from  to  passband  and  “drops"  it  into  the  stopband. 
The  noise-shaping  circuitry  can  be  thought  of  as  a  noise  modulator.  It  modulates  to  noise  to  another  frequency, 
eftotiVeiy  removing  to  noise  from  to  band  of  Interest  Traditional  modulation  schemes  move  a  signal  out  of 
a  noisy  band  into  a  quieter  band.  In  contrast  sigma  delta  modulation  moves  the  noise  to  another  band,  leaving 
to  slgi^  band  quieter. ' 

A  digital  filter  then  statistically  averages  to  differences  and  decimates  the  signal  so  that  more  bits,  16  typically, 
appt^tr  ail  a  frequeooy  closer  to  to  Nyqulst  rate  Uran  at  to  oversample  rate, 

The  sigma  delta  oonverter  consists  of  two  parts:  a  sigma  delta  modulator  and  a  digital  filter  (fig.  3-4  and 
sec.  S.2).  An  input  analog  signal  is  fed  into  the  sigma  delta  modulator.  The  modulator  consists  of  an  integrator, 
a  quantizer  (a  1-bit  conq)arator),  and  a  feedback  loop  through  a  digltal-to-analog  converter.  Because  to  A-D 
Mttverter  is  only  one  bit,  there  is  much  quantization  error  (only  two  digital  answers  are  possible;  “1"  or 
ir).  'This  dii^t  is  convehid  back  to  analog  and,  containing  to  quantization  error,  is  subtracted  from  the 
otifidai  1111)111140#  all  that  is  left  is  to  quandzatidn  erlbr,  which  is  ton  fed  Uirough  the  integrator  back  into 
fiib  '^dinti^.  This  process  is  done  ofieh  (oversampled),  and  over  a  lafge  number  of  samples  is  statistically 
avem^  by  to  dlgliai  filter.  The  oiiq>Ul  of  to  digital  filter  is  a  much  higher  resolution  (16  bits,  typically)  at 
a  much  lower  effective  sample  rate  closer  to  the  Nyquist  rate. 


SloiM  dttta  modulator 


The  ligma  ddta  ovenampUng  scheme  shifts  most  of  the  conversion  burden  from  the  analog  world  to  the  better 
behaved  digital  world.  The  higft  sample  rate  reduces  antlalladng  requirements.  The  analog  part  of  the  circuit 
is  greatly  almpUfled  because  only  one  bit  la  quantized:  however,  the  dlt^tal  part  of  the  circuit  is  substantial. 
Only  recently  luts  it  been.pwdcii  tQ  Incoipbt^  the  sigma  delta  converter  on  one  chip. 

The  disadvantage  of  ttiia  conversion  scheme  la  dtat  It  requires  a  very  high  sampling  rate,  which  may  be  a 
few  hundred  times  the  frequency  of  Uiterest  (64  to  256  dtm  is  common).  Reference  10  provides  additional 
information. 

3,2  Dlgttal«to*Analog  Converdon  Ihchnlques 

Dlgitai*to<nnalog  conversion  is  leu  important  to  aircraft  data  acquisition  systems  than  is  analog-to*dlgital 
oonvertion,  dlawssed  in  the  previous  se^on.  The  uaeftilneu  of  converting  a  digital  signal  to  an  analog  signal 
is  teen  in  cloaed-loop  flight  control  systems,  ground-based  strip  charts,  and  cockpit  instruments  driven  from  a 
computer  syitem.  The  area  addressed  by  this  volume  does  not  include  any  of  tiiese  elements.  Therefore,  D-A 
convertera  ate  only  included  to  iUuitrate  ^ome  of  the  fectors  of  concern  in  bridging  the  worlds  of  analog  and 
digital  signals. 

The  converters'  (DACs*>  output  is  wt  truly  an  infinitely  time-varying  signal.  Because  the  input  values 
can  be  dlactetely  quantized,  the  out^  levelt  are  alto  quantized.  The  result  is  a  time- varying  signal  that  is  made 
up  of  a  series  of  plateaus  (fig.  3^).  Smoothing  of  the  output  (Altering)  can  be  done  to  reduce  the  serration,  if 
desired,  but  this  adds  no  new  loftHmation  to  die  signal.  If  the  serration  it  unacceptable,  then  a  DAC  with  more 
reaolutioa  is  usually  called  for—* which  would  decrease  the  width  of  the  "zone  of  probability”  in  the  flgure. 


Figure  3-S.  Digliil-to-atialog  conversion. 


Ibe  gain  and  oflket  of  a  DAC  reto  to  the  output  range  covered.  For  example,  if  an  output  requites  ±3  V  ftill 
scale,  then  a  nfierence  value  muitbe  aet  In  the  DAC  to  “calibrate"  the  minimum  dir-tital  Input  -S  V  and  the 
maximum  digital  Input  at  +3  V,  Ibe  oftetla  uauhUy  Included  In  tfala  calibration.  Most  D-A  conversions  are 
done  In  aunlpolar  ftshion;  that  is,  dte  conversion  liaelf  is  done  atO  to  10  V.  Then  It  is  ofbet  dowtt  by  S  V  (S  V 
is  subtracted  fiom  the  0  to  10  V  to  yield  a  ^gnal  in  tiw  range  of  ±5  V). 

33  Digttal'to-Syndiiro  Converaton  Techniques 

Synchros  provide  an  inherently. ratiometric  conversion  method  fbr  measuring  and  conirolling  precise  angular 
displaoeineats.  It  is  a  technique  that  la  very  tolerant  of  noise  on  the  signal  Inputt  u  well  as  voltage  drops  be- 
tween^  the  tranaducer  and  oonverta.  The  synduo  Is  a  simple  rouury  transformer  where  the  relatlonahip  between 
Its  primary  (rotor)  and  aeoondary  (stator)  is  controlled  by  a  shaft  position.  The  voltage  Induced  in  the  stator 
varies  u  a  ftuctioa  of  shaft  aoj^e.  Reaolvert  are  a  subclasstfication  of  synchros  and  differ  only  in  the  way 
the  rotor  and  stator  are  wound.  Synduo-resolver  devlcea  have  been  in  use  and  continually  refined  for  over 
40  years  and  are  very  reliable. 

Synchros  are  often  used  to  drive  pilot  instruments,  sudiu  radio  magnetic  Indicators  (RMI’s).  In  figure  3-6,  its 
basic  operation  is  as  Mows:  a  i^tal  word  is  presented  to  the  digltal<to-synGhro  convertor.  This  digital  word 
la  transformed  into  its  sine  and  codne  vdues  (the  totalled  resolver  fionnat).  These  signals  are  converted  into 
the  synduo  signals  St,  Sat  and  Ss  through  the  use  of  a  Scott-T  filter.  The  synchro  signals  are  then  amplified  to 
provide  the  drive  necessary  by  the  synchro  device.  The  synchro  device  reacts  to  the  phase  relationship  of  these 
three  signals  in  relationship  to  an  alternating  current  (AC)  reference  voltage,  Vrtfi  and  assumes  the  appropriate 
angular  displacement  Reference  11  gives  an  example  implementation. 
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Flsuie  3-6.  lyplcal  digital-to-synchio  tystem. 


Aa  a  note  of  caution,  the  synchro  is.  at  indicated  before,  a  neaiiy  Instantaneous  angular  indicator.  But  an  in- ' 
dicator  needle  does  potteu  inertia.  If  the  distal  value  takes  a  sudden  Jump  in  value— Indicating  a  Jump  of 
several  degrees  (for  example,  180*)— It  is  possible  to  put  a  synchro  indicator  into  an  infinite  spinning  mode, 
damaging  the  instrument  The  way  around  this  problem  is  to  calculate  the  difference  between  the  last  com¬ 
manded  angle  and  the  next  commanded  angle.  If  the  angle  is  too  great  Instead  pats  out  a  lesser  angle  and 
“sneak  up“  on  the  desired  value.  In  other  words,  control  the  slewing  rate. 

34  S|yadin>>t»>DigitaI  ConvcnUm  Tecfaalquct 

Of  more  Interest  to  data  acquisition  systems  than  digital-to-synchro  conversion  is  synchro-to-dlgltal  conver¬ 
sion.  Hilt  phase  difference-to-dlgital  conver^on  it  not  sensitive  to  amplitude  variation.  However,  zero  cross¬ 
ing  points  must  be  kept  in  the  correct  phase.  Attention  must  be  paid  to  noise  reduction  and  setting  the  maximum 
tracking  rate  (rps). 

As  many  cockpit  Instruments  are  controlled  by  synchro-resolver  drivers,  tapping  into  these  signals  with  a 
syncko-t'^i’^tal  converter  can  make  the  pilot  displays  available  to  the  digital  data  acquisition  system.  How¬ 
ever,  as  is  itkcreasingly  common  in  flight  te^  if  onboard  fll|^  computers  ate  Initially  controlling  these  displays 
by  way  of  digital-to-synchro  converters,  then  it’s  logical  (reduces  possible  error  sources)  to  feed  the  digital 
contn^<,2;  dgnal  directly  into  the  dlgilal  data  acquisition  system. 

34  ConvusdoDProcaMCoaddenit^ 

3J4  S«m^M^hold 

Because  an  aa^-toHligital  conversion  process  is  not  Instantaneous,  the  analog  voltage  level  must  be  held 
constant  whUn  the  conversion  is  in  progress.  This  is  accomplished  by  a  sample-and-hold  (or  track-and-hold) 
stage.  Ihe  longer  gie  converter  talm  to  perform  its  conversion,  the  longer  the  sample-and-hold  stage  must 
hold  its  value.  Tbia  hOUHng  stage  is  a  dunge  held  by  a  capadlor  (fig.  3-7).  The  two  operational  amplifiers 
(op  amps)  buffer  the  holding  capacitor  fitmt  die  input  and  output,  each  providing  unity  gain.  The  “mode 
corntrol’*  determines  sriiether  the  analog  switch  is  in  the  “tample”  (switch  closed)  or  “hold”  (switch  open) 
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mode.  In  competing  (be  uie  of  •meU  ei  oppofedlQ!  laiae  capedton,  a  jmall  capadior  will  lentond  mote 
quicUy  to  input  chengee  Odg^  ‘^dew"  n|e).  tdateei  t  la^e  cepncltor  will  dladMcge  in  bold  mode  mote 
slowly  (exhiidt  leu  “dtobp")  in  leipbnid'  to  feaknge  cutientt.  the  optimum  cepecitencc.  will  leejpond  qulcldy 


llodioontrai  ^  motm 

Figute3-7.  Saovle  and  hold  circuit 


When  the  analog  input  does  not  chutge  by  more  than  one-half  LSB  during  the  conversion,  a  sample-and-hold 
stage  is  not  tequited.  Because  this  puts  a  constraint  on  the  bandwidth  of  the  signal  that  can  be  qppUed  to  the 
converter,  moat  A-4>  conyettets  have  a  sample-and-^ld  stage. 

ZS2  Pnaasapla  flltaring 

Piesample  filtering  is  used  to  prevent  aliasing  of  n  signal,  as  described  in  the  next  section.  It  is  also  used 
to  ellminAte  a  steady-state  level  (eliminate  DC  ofiet),  thereby  increasing  the  measureincnt  sensitivity  by  not 
requiring  a  small  vwiatlon  to  *‘sit  on  ttv  or  a  huge  DC  voltage.  The  measurement  window  can  be  scaled  to 
the  limits  of  the  expected  vadatioiL 

3JJ  AnfiaHnring  liltering 

The  antialiasing  filter  prevents  hlgh-fiiequency  noise  fiom  being  sampled  bytheA-J>  converter.  High-frequency 
data  satnpied  at  too  low  a  rate  cause  a  lUse  reconstruction,  or  nliaslng.  when  the  data  are  analyzed.  The  term 
‘‘allii”  itteans  M  masquerade  as  aomedilng  else.  The  reconstruction  of  an  aliased  signal  makes  a  higher  fre¬ 
quency  sigttai  mssqurnde  as  a  lower  frequency.  This  is  analogous  to  viewing  n  rotating  fan  by  strobe  light. 
Under  certain  conditions,  the  fru  blade  wUi  appear  to  be  stopped,  or  even  to  be  gdlng  backwards,  because  the 
eye  perceives  a  masqueraded  motion  firom  too  slow  a  sampling  rate.  In  data  acquisition,  then,  it  is  important 
to  attenuate  frequencies  above  the  eiqtected  data  region  b^on  the  signal  enters  the  A-D  proceu. 

Figure  3-4  (also  fig.  88  in  ref.  1)  shows  an  8-Hz  dgnal  that  is  sampled  in  various  ways.  Fbr  clarity,  the  signal 
is  shown  fbur  times,  with  dotted  line  curve  reconstructions  described  as  foltows.  In  the  figure,  curve  1  shows 
an  8-Hz  signal  being  sampled  at  exactly  twice  the  signal  frequency.  However,  the  sampling  is  in  pliase  with 
the  zero  crdaaovtr.  and  tbiis  appears  to  be  a  DC  iignal  of  zero  amplitude.  Curve  2  also  saa^les  at  twice  the 
signal  frequendy,  but  the  satn^lag  has  shifred  phase  by  9(F.  In  this  case,  the  signal  is  reconstructed  with  the 
odoect  ftequaney  and  amplitude.  latultivdy,  samtdlng  at  any  other  phase  angle  (ibr  instance,  curve  3)  yields 
a  rebdastrunaed  Iignal  of  te  boniect  frequency  but  at  too  low  an  am^hide  and  Incomct  phase. 


[ 
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•4U  slQMlf  sampling  (2  phaass) 
Figure  3-8.  Sampling  data. 
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Curve  4  afaowt  an  8-Hz  signal  that  la  lampled  10  dmea/iec-.  The  teconatnioed  signal  appears  to  be  2  Hz.  Note 
therelatlonihlp  10-  8a2.  Thii  relatloniidp  can  be  compared  to  a  beat  frequency  oadllatlon,  where  a  resultant 
frequency  is  the  sum  and  dUference  of  two  fiequendei  ‘‘beat’*  against  one  another,  in  curve  S,  an  8-Hz  signal 
sainpled  at  6  tlinea/sec  also  yidds  an  iqtparent  2'Hz  reconstructed  output  (8  -  6  s  2).  Sampling  at  the  signal 
frequency  yields  an  apparent  DC  ou4>ut  of  dtltrary  amplitude  (8  -  8  a  0)> 

By  ualeg  tUs  dUGnences  idea,  a  sampling  rate  less  than  the  si^  frequency  yields  an  apparent  (aliased)  ouqnit 
ofless  than  the  true  (dedted)dutpdtft«iuency  at  aibhraty  phase.  Sainpllnger  the  signal  frequency  yields  a  DC 
oulput6faihiltaty  aiiqiUtU^as  iliuatrilBdiaourves6and7.  Sampling  dbnwr  the  signal  l^uency  will  also 
alias  «n  output  at  leas  than  the  desired  oti^  weiU  the  sanqillng  frequency  exceeds  rwic*  die  signal  frequency. 
Whit  Is  OH^  dbouttwke  the  fteipieacy?  Sampling  at  a  higher  rate  gives  redundant  infbnnatlon  about 

the  signal,  piovldlag  iafbnuation  about  die  si^  that  will  prevent  reconstruction  at  a  lesser,  or  aliased,  fre¬ 
quency.  Hris  two  ttmes  frequency  is  called  the  Nyqulst  frequency,  and  signals  should  never  be  sampled  at  less 
than  frequency. 

Alladag  can  occur  when  a  ttme-varying  signal  is  sampled  at  a  rate  leu  than  or  equal  to  two  times  the  hi^iest 
.freq^iflU^  or  the  Nyqfblst  Ikeqneney.  In  prictioe,  sinqiling  rates  of  (bur  to  live  dniM  the  frequency  of 
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interastancoaiiiipiilyuNdlomiiiiinizekiuofuii^tii^^  Refiutoflgiw3<4.ctirvet  1  aiid3,fDrexain^ 
OfdiinbdlbedainpUtllde.  The  figufe  ihiww  umpitog  al  the  M3>qtrfit  nii|a  f>n  .  hm  ^nyHfiwte 

aiid|AMwdiaiigecanteieeiiatUgherMiq>Uagntei.bo.  Pisimi-9  itowtiiigii«liaii9l^  10,3. 3.  and 
2  diiiei/cyde.  At  the  Mumte  me  decreaiet.  the  tecoannicdoa  (lolid  Maei)  beconitt  lew  accutne.  If  die 

peak*  me  newer  aaimitod,  dte  Miiiplltiide  *dH  tfpftT  Hlmlnlihtxl.  Thww»  U  ■  dliwlnlriilm  twhim  in  Tfinpllng  < 
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Figut«3-4.  CoinpailioaofdiflitfeiitMunpIingritet. 


Hie  tern  uied  pravkNitly  wu  “ligult,**  not  "the  tigiial  of  inlarett’*  Sigoab  praient  that  ace  higher  than  the 
litnal  ficeqiMKte  of  iatmat  muit  be  temoved  prior  to  (utiag  pieiaiiiple  or  andaUaaiiig  filieia),  or 

dee  the  mBpant  rate  aniat  be  laowtiod  to  at  leaat  a  Nycpiltt  level  tot  theae  hl^  ftequeacka.  Ihii  latter 
terhnkpie  la  otOed  ovaroanpUeg.  Oece  a  aignal  haa  bera  lampled,  it  ia  impoatible  to  know  what  ia  aliated 
aadwhatietaie. 

3j6  PvBOiai  Error  Sonroee 

Oflbet  and  Uaeiiilty  of  A-0  ooavertan  caa  be  affected  by  aeveral  tictora.  Itae  moat  impottaot  fiMior  fior 
the  inatrumentadoa  eagtaeer  ia  tempcratuie.  If  the  output  of  an  A-Dooavettar  tea  gives  input  chaagea  with 
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teMpewaa^ttiwitttitettiiiurttetiliMittoaociouattacatoiMngovtiinia^^^ 

CaUbtiUdiM  nuitt  be  dbae  ftreacb  teiqwrttyte,  Mainly  imiit  te  degri^  to  allow  tat 

the  ftiU  '>Mlidow"  of  caUlinilooa  (flg.  S>lO).  Ualeia  teayatiiitw  corttctt^  to  be  applied  to  the  data, 
the  aocuncy  of  a  nadiiig  nuiat  allow  Ibr  tbe  poidbility  that  tUe  leading  waa  made  a  any  of  the  ftiU  nitge  of 
tempefatiuws  that  Oe  iy«em  myjtee.  ithe  tcBipenUMrea^^  lecp  might  be  diffivent  fiom  the 

|gwin»jf4htwb  tHu  AJS  aiiiiv<rtiy 
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FIguieS-lO.  lboq)eratumelEBCta  on  a  calibration. 


If  the  lesponae  (iranafer  ftinction)  of  an  A-D  converter  ia  nonlinear,  then  a  more  complex  calibration  must 
be  applied  to  the  data  when  converting  it  to  engineering  units.  Many  ayatems,  particularly  real-time  systems, 
do  not  provide  for  nonlinear  calibrations.  In  those  cases,  the  overall  system  accuracy  is  degraded  because  the 
window  must  be  opened  up  until  all  points  on  a  curve  fall  within  the  “fat**  straight  line  (fig.  3-11). 


Figure  3-11.  Iblerance  of  best  straight  line  fit  for  nonlinear  data. 


It  ia  rate  to  find  A-D  converters  in  aircraft  syMema  using  more  than  a  12-blt  resolution  unless  the  converter 
is  at  the  sensor.  The  higher  the  resolution,  the  more  sensitive  it  is,  which  makes  it  more  difficult  to  separate 
the  signals  ftom  the  noise.  The  farther  the  sensors  are  firom  the  A-D  converter,  the  more  opportunity  noise 
has  to  enter  the  signal  path.  For  example,  a  12^t  D-A  converter  has  a  resolution  of  1  part  (or  count)  in 
4096.  IffiiUacale(4(]9S,or  12  “I  *s**)  is  3  V  and  minimum  scale  (0000,  or  12  *t)*s“)  Is  0  V,  then  each  count  is 
(1/4096)  4>  (S  V)  >  1.22  mV.  If  indu^  noise  ia  the  system  is  ±3  mV,  then  (3  mVy(1.22  mV/count) »  d:2.46 
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opuatimbe  MliUwlBdtoioiie.  BecauM  oouatt  m  diaoMe  (ttwPB  iaaoaiiGfa  thing  aa  a  ftactkMi  of  n  count), 
thto  founda  to  d:2  ootnii  of  noiae.  So  irtiM  iMdtng  die  count  vdiiB  oofieapooding  to  the  input  aigaak  the  lea^ 
ligoiflcant  bh  U  pcoviding  no  ttaefid  infioonaiiott.  and  tiin  tacood4o<leait  aigniflcant  bit  is  pio«idiag  oidy  aon^ 
inftmatiMi  Hgiae  3^12  ijluattaia  this  gta^^  > 

Ibe  (tnib)  afgmt  levd  hi  aasunied  at  4  cou^  and  the  le^ob  of  unceitatiity  is  abided  arounii  it  (±146  counta). 
Then  successive  feaoiutioai  are  assumed  in  succeeding  colunuu,  and  the  dided  values  are  the  counts  repotted 
cotre^onding  to  the  endptdnts  of  the  uncefOdnty  range  fbr  Oat  resolution.  No  new  Infbrmatioa  ia  obtained 
after  11  bits  of  resolution.  Going  ftom  the  lOtfa  to  the  11th  bit  narrows  the  range  of  uncertainty.  Outgoing  from 
die  11th  to  the  12tti  Ut  does  notteflae  it  ftitftiec 


Figure  3-12.  Uncertainty  as  a  function  of  resolution. 


If  the  uncertainty  In  a  reading  is  greater  than  dte  rreolution  (in  thin  case  more  than  twice  as  much),  then  reading 
the  value  to  its  ftill  resolution  hu  little  meaning.  This  is  similat  to  a  trap  that  is  often  fallen  into  when  reading 
the  resulta  of  an  electronic  calculator  computadon,  where  the  resolution  of  the  calculator  often  exceeds  the 
meaningful  (significant)  resolution  of  the  computation.  For  example,  if  in  computing  2  *  2, 4.0000001  were 
reported,  die  .(XXIOOOI  would  be  mentally  disMuated  as  irrelevent  to  the  computadon. 

By  blindly  increasing  the  resolution  of  an  A-D  converter,  the  quality  of  the  data  is  not  necessarily  improved. 
If  the  unoertaiBty  of  a  measurement  is  great,  a  point  is  readied  where  added  resoludon  contributes  nothing 
to  the  value  of  the  reading.  In  Ibct,  it  frequendy  obscures  the  meaning  by  creating  more  data  to  sift  through. 
Mlsunderstaoding  the  dUEnence  between  accuracy  and  resoludon  is  a  common  failing  in  instrumentadon  work. 

See  refbrenoe  12  for  ftitther  Infbrmadon  about  oonversioo  processes. 
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4  DIGITAL  TRANSDUCERS 

4.1  IMiidiidlfM 

What  ooBititutek  a  trahidu^  Oeaetally.  any  traiudiictf  that  ptoducea  a  digital  output  can  be  cohsid- 
eted  a  digital  traniducer.  But  where  do  ybu  define  the  ou^?  If  the  ftindamental  operation  of  the  transducer 
depends  on  hiviag  a  digital  output^  it  is  a  digital  sensor.  In  many  cases,  however,  die  ftindamental  ouqiut  may 
be  frequency,  phase  angle,  or  even  voltage,  but  the  sensor  box  outputs  only  digital.  The  conversion  has  taken 
place  inside  the  digital  sensor  box.  In  this  discussion,  a  digital  transducer  is  a  transducer  that  can  be  quantized 
digitally  by  use  of  a  counter.  This  Includes  coded  disk,  variable  frequency,  and  pulse  devices. 

4.1.1  Coded  disks 

Probably  the  oldest  digital  transducer  is  the  encoded  disk.  A  disk  is  divided  radially  into  sections,  where  each 
section  can  be  read  as  a  binary  number  (fig.  4-l(a)).  Originally,  the  reading  process  was  mechanical.  Raised 
bumps  displaced  a  rod  that  mechanically  turned  on  (or  oil)  a  sv^tch.  Depending  on  the  number  and  placement 
of  bumps  in  a  section,  different  binary  numbers  that  identified  the  angular  placement  of  the  shaft  could  be  read 
or  encoded. 
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(a)  Progressive.  (b)  Nonprogressive. 

Hgure4-1.  Encoded  disks. 

Another  coded  disk  uses  electrical  contact  rather  than  mechanical  displacement  to  encode  a  binary  number. 
The  presence  or  absence  of  metal  in  different  areas  of  the  section  causes  electrical  contact  to  be  made  (or  not). 

The  most  modem  coded  disk  is  die  optical  shaft  encoder.  The  sections  are  broken  down  into  opaque  areas  and 
transparent  areas.  As  the  shaft  rotates,  individual  light  beams  are  detected  by  photocells  (if  transparent)  or  not 
(if  opaque). 

In  figure  4-l(a),  transitioning  from  one  section  to  the  next  may  give  erroneous  numbers  not  matching  either 
section.  PCr  example,  in  transitioning  fiom  section  H  to  secdon  I  (fig,  4-l(a)).  the  encoded  number  changes 
from  7  (0111)  to  8  (1000).  Because  die  transidon  of  each  of  the  four  numbers  is  unlikely  to  be  completely 
synchronous  (simultaneous),  any  output  combinadon  may  be  temporarily  read— for  example,  1111,  1001, 
01  lO.  This  ia  dmilaf  to  a  nonsybchronous  logic  ripple  counter,  which  may  yield  glitches  when  coundng  as  the 
nunfoer  settles  out  By  prr^  use  of  nonprogressive  coding  (fig.  4-l(b)  and  sec.  4.1.2),  this  problem  can  be 
elifflinated. 
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4A2  Variable  flrequency 

Some  lenion  oonvot  meesunnd  infomutioii  to  ftequency  varietiou.  Mifa  a  reaoiiant  piezodecttic  pressure 
transducer,  varying  pressure  on  a  crystal  causes  its  resonant  fiequency  to  vary,  or  shift  This  frequency  is 
converted  to  a  digital  value  proportional  to  tte  feequency.  An  rpm  Indicator  is  another  eitample  of  a  variable 
:^uen[Ciy  setuior  as  rpfn’i  ate  a  measure  of  tte  frequency  of  revoluUon. 

One  way  of  petfrmuliig  diis  converrion  is  to  count  zero  crossings  in  a  signal  fbr  a  specified  amount  of  time. 
The  number  counted  will  be  proportional  to  die  frequency  (flg.  4-2). 


Figure  4-2.  Zero-crossing  count  to  determine  frequency. 


5  cyclea 

1  aae 
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4.U  Pulse  techttiquca 

Many  phyrical  phenomena  are  discrete.  For  instance,  the  process  of  counting  particles  is  inherently  digital, 
but  the  defector  may  only  be  able  to  detect  one  particle  at  a  time.  Tlietefore,  for  a  particle  count  to  be  made,  a 
counting  quantizer  must  be  used.  The  quantizer  may  be  simply  a  progressive  counting  re^ster  that  activates 
when  a  pi^  arrives.  However,  if  several  particles  arrive  in  close  proxintity  to  each  other,  the  detector  may 
count  ttUMn  as  one  particle.  The  solution  to  this  problem  is  not  straightforward. 

42  Coding 

Sometimes  it  is  Important  to  code  a  number  sequence  so  that  it  is  straightforward  to  read  or  to  use  in  an  equation. 
Other  times,  an  encoding  scheme  would  inherently  increase  the  potential  for  false  readings,  as  mentioned  in 
the  section  on  encoded  disks.  This  section  discusses  different  coding  techniques. 

4,2,1  Progressive  codes 

Progressive  codes,  the  most  common  type  of  coding  in  modem  digital  transducers,  progress  in  a  numerical  up 
or  down  count  order  (tig.  4-l(a)).  This  type  of  coding  works  well  with  computer  input,  because  only  a  simple 
calibration  (by  way  of  a  table  lookup  or  linear  tranafonnation)  is  needed.  For  instance,  if  a  digital  transducer 
counts  from  0  to  1023  (10  bits),  and  tills  range  conti^ponds  to  -3  to  3  Ib/in^  differential,  then  the  simple 
calibration  of 


+  (-3)  s  engineering  units  in  llVin^  differential 


can  give  the  deaifod  result  Or  a  1024-poitit  lookup  table  could  be  made  with  counts  as  the  input  and  Ib/in^ 
differeutUd  as  the  outyut  In  either  case,  the  calibration  curve  is  monotonically  increasing.  As  the  counts 
increase,  so  do  tiie  Ib/fo’  unitt. 
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A2Z  Nonprognnive  codes  (Gray) 

Nonpeogressive  codes  do  not  progress  in  a  numerical  up  or  down  count  order.  Hie  most  common  nonprogies- 
sive  code  is  the  Gray  code.  The  important  feahire  of  diis  code  is  that  in  moving  firom  one  count  to  the  next,  only 
one  bit  position  changes  state.  This  is  useful  in  preventing  “glitches"  (momentary  output  transients  yielding 
incorrect  values).  If  the  worst  glitch  that  could  occur  is  to  toggle  between  the  original  state  and  the  new  state, 
which  is  only  one  LSB,  then  the  effect  on  ttte  system  would  be  minimal.  If,  however,  several  bits  were  to 
rollover  during  the  transient,  as  with  a  progresuve  binary  upcount  like  OUl  to  ICKX),  then  several  intermediate 
counts  could  be  seen  during  the  transition,  depending  on  the  relative  speeds  of  bit  transitions.  See  figure  4-l(b) 
and  table  4-1  for  an  example  of  a  Cray  code  count  Only  one  bit  changes  between  any  two  adjacent  rows. 


1^)16  4-1.  Gray  code. 

Code  counts 

Description  Gray  Binary 

(nonprogressive)  (progressive) 


For  lines  (1),  (2),  and  (4), 
if  the  numbers  are  folded 
at  line  (1)— line  a 
overlaying  line  d  and 
line  b  overiaying  line 
c — a  perfect  match  of 
the  least  significant  digit 
occurs.  Aiso,  folding  Cie 
numbers  at  line  (2)  matches 
the  least  significant  two 
bits  while  folding  at  (4) 
matches  the  least  ygnificant 
three  bits.  Cray  code  continues 
in  this  way  for  as  many  bits 
as  needed. 


aOOOO 

0000 

bOOOl  (1) 

0001 

cOOll 

0010 

dOOlO  f2) 

0011 

0110 

0100 

0111 

0101 

0101 

0110 

QIQO.  (4) 

0111 

1100 

lOOO 

1101 

1001 

nil 

1010 

1110 

1011 

iOlO 

IlOO 

1011 

1101 

1001 

1110 

1000 

nil 

Nonprogressive  codes  are  important  in  mechanical  devices  such  as  shaft  encoders.  Here  mechanical  misalign¬ 
ments  cause  problems  when  state  changes  require  simultaneous  switching.  Misalignments  can  be  measured  in 
several  tens  of  msec.  In  modem  electronic  logic  circuits,  however,  outputs  can  be  synchronized  so  that  all  bit 
changes  are  presented  to  the  output  stage  at  virtually  identical  times.  Clocking  can  be  synchronized  to  strobe 
the  output  to  tire  next  stage  after  the  output  has  settled. 

The  only  place  that  nonprogressive  codes  are  found  in  modem  flight  testing  work  is  when  old  mechanical 
devices  have  been  emulated  with  more  modem  electronics.  An  example  is  an  altitude  reporting  transponder, 
the  standard  for  which  has  existed  for  many  years — ^from  when  most  tran^nders  were  driven  by  pressure¬ 
sensing  rotating  drums.  For  computational  purposes,  this  kind  of  coding  requires  an  extra  level  of  decoding 
so  tiiat  numerical  computers  can  work  with  the  data. 

Gray  coding  is  the  same  technique  used  in  reducing  combinational  logic  trudi  tables  into  Boolean  equations 
known  as  the  Karnaugh  number  diagram  technique.  It  can  be  viewed  as  successively  unfolding  a  piece  of 
paper  horizontally  and  vertically.  Each  unfolding  adds  a  binary  digit  to  the  left  and  the  existing  numbers  are 
mirrored  into  squares  of  the  segment  just  opened.  Figure  4-3  shows  two  different  unfolding  methods.  Moving 
horn  any  square  to  an  adjacent  square  changes  exactly  one  bit,  as  with  the  Gray  code. 
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5  DIGITAL  FILTERING 

5.1  ^pUcatloiui  Mid  GtildeUnes 

Digital  filtering  la  a  computational  technique  that  inputs  digitized  sampled  data  and  outputs  filtered  digital 
data.  Ttie  reconstructed  output  waveshape  differs  fitom  the  input  reconstructed  waveshape  according  to  the 
definition  of  theiUtetlng  algorithih  being  applied. 

This  technique  is  v^  common  in  analyzing  flight  test  data  because  many  of  the  filters  can  be  applied  to  raw 
flight  data  fot  analysis.  Digital  filtering  is  done  completely  in  the  domain  of  *‘number  crunching”;  that  is, 
processing  digital  numbers  Qtplcally  in  a  non-real-time  postfiight  environment. 

Many  filter  characteristics  that  simulate  analog  filters  such  as  Bessel,  Cbebyshev,  Butterworth,  and  so  forth, 
can  bt  tjealized.  These  and  other  filters  are  covered  in  detail  in  reference  1. 

Digital  filters  cannot  completely  replace  analog  filters  in  the  instrumenUttion  system,  however.  As  discussed 
previously,  because  of  errors  introduced  in  the  sampling  process,  presample  (analog)  filters  must  be  used. 
Presample  (analog)  filters  can  dispensed  with  in  fiivor  of  oversampling  techniques  only  if  assumptions  can 
be  made  as  to  the  maximum  frequencies  present  in  the  presampled  system. 

Currently,  the  use  of  computational  digital  filters  is  limited  in  real-time,  onboard  data  acquisition,  However, 
with  the  steady  advance  of  distal  signal  processors,  high-speed  computation,  high-density  memories,  and  so 
forth,  they  are  increasingly  under  consideration  as  part  of  the  flight  instrumentation  system. 

5 Ji  Tiihe  Domain  Filters 

Figure  5-i  shows  the  four  basic  filter  types:  low-pass,  high-pass,  band-pass,  and  band-stop  (notch)  filters. 
The  ideal  filter  has  the  stop  band  frequency  (/««  or  /,{)  equal  to  its  corresponding  passband  frequency  (/^u 
or  /pi).  The  ideal  filter  also  has  a  uni^  gain  in  the  passband.  In  other  words,  an  ideal  filter  would  have 
vertical  “porches”  with  no  transition  region.  Such  ideal  filters  do  not  exist,  but  digital  filter  implementations 
approxln^ng  the  ideal  contUtions  can  be  implemented  far  easier  than  their  analog  counterparts. 

There  are  two  types  of  digital  filters:  finite  impulse  response  (FIR)  and  infinite  impulse  response  (HR).  The 
following  is  a  very  general  comparison  of  th^  two  types.  The  FIR  filters  can  provide  an  exactly  linear 
phase-frequency  relationship  (linear  phase  delay):  the  filter  time  delay  is  constant  in  time  regardless  of  the 
input  frequency  (constant  group  delay).  The  HR  filters  cannot  have  a  linear  phase  delay.  However,  HR  filter 
implementations  have  a  much  smaller  phase  delay  than  FIR  filter  implemenutions.  The  FIR  filters  are  closer 
to  ideal  than  UR  (liters;  however,  FIR  filters  are  more  computationtdly  complex  (and  therefore  slower)  than 
UR  filters  and  tend  to  require  more  hardware. 

Tile  FIR  filters,  iherefore,  are  suitable  where  high  accuracy  and  linear  phase  are  important  The  HR  filters  are 
suitable  for  applications  requiring  high-speed  and  minimal  phase  delay.  In  flight  testing,  where  multichannel 
high-accuracy  data  acquisition  is  used,  FIR  filters  have  the  most  application. 

Digital  filters  also  provide  tighter  control  of  the  filter  transfer  function  than  do  analog  filters,  and  they  allow 
inqilementation  of  highly  complex  filter  characteristics.  Difficult  matching  of  components  frequently  required 
in  analog  filters  la  not  required  of  distal  filters.  Changing  software  coefficients  is  much  easier  and  devoid  of 
the  realities  of  component  tolerances.  Digital  filter  features  of  tight  control  and  ease  of  implementation  make 
possible  a  much  better  rejection  of  tignals  in  the  stop  band  and  a  much  smaller  passband  gain  tolerance  (flatter 
response)  than  analog  filters  do.  Digital  filter  performance  is  also  independent  of  temperature,  vibration,  and 
age.  The  flltering  is  doae  by  software  rather  tl^  by  hardware  as  with  analog  filters. 
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Fieure5-1.  Time  domain  filters. 


5^1  Nonitcunive  fllten 

Digital  flltent  are  nonrecurslve  if  the  current  ou^ut  sample  is  a  function  of  the  present  and  of  a  few  past 
inputs.  Another  name  for  nomeoirslve  hlten  is  hnlte  impulse  response.  This  type  of  filter  has  no  equivalent 
in  analog  circuitry. 


522  Recursive  fllten 

Digital  filters  are  recursive  if  the  current  output  sample  is  a  function  of  present  and  all  past  input  samples. 
Recursive  filters  are  also  known  as  infinite  impulse  response.  This  type  of  filter  is  realizable  in  analog  circuitry. 

See  references  13  and  14  for  an  indepth  mathematical  discussion  of  digital  filters. 

522  Switched  dtpacitor  fllten 

A  oommon  analog  filter  in  use  is  the  resistance-capacitance  (RC)  filter.  This  filter’s  characteristics  can  be  al¬ 
tered  by  chatigiilg  either  the  reidstanee  or  the  cqiacttance  of  the  filter  elements.  This  is  accomplished  either 
by  ratUbviiig  the  flltek’  signal  conditioning  card  fiom  the  system  and  manually  replacing  the  elements,  or  by 
remotdy  switchlnfl  components  by  switches,  relays,  or  analog  multiplexers.  Manual  removal  is  time  consum¬ 
ing  and  disturbs  the  systeia  Reihote  switching  typically  requires  bulky  components  and  therefore  lowers  the 
density  of  dreuitry  required. 
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Sut  twilclied  capMttor  fllun  get  erottad  neiiy  of  these  ptobleais.  The  Alter  ctperetes  «s  ui  RC  Alter,  where  Aie 
“leiittaaoe”  is  determined  by  switching  the  capacitor  in  and  out  of  the  ctrdulL  Changtag  the  rate  of  switdting 
changes  the  eflbctive  resistuioe.  The  ability  ttf  Ate  dicuit.to  store  dbaige  is  altered  by  adJnsAiig  Ate  clock 
frequency,  increasing  the  clock  frequency  causes  a  greater  conductance  Oower  resistance)  in  Ate  c^acitor 
which  allows  a  greater  charge-disdunge  rate.  TSsis  sbillty  to  vary  Ate  chatgewAscharge  rate  is  equivalent  to 
varyingatesistorvalue.  Thus,  Ate  Alter  chancterisAcs  can  be  alter^  remotely  by  changing  Ate  clock  frequency, 
and  bulky  extra  RC  components  are  not  required.  A  more  deUiled  discussion  follows. 


Ihe  key  to  understanding  a  switched  capacitor  Alter  is  to  AAnk  of  current  Aow  u  a  ftincAon  of  Aie  charge  (0 
Aow,  Atough  current  Aow  in  a  resistor  U  controlled  as  a  fiincAon  of  resistance  R.  WlAi  a  simple  resistor,  as 
shown  in  (a)  of  Agure  5-2, 


<1) 

Consider  Aie  circuit  shown  in  <b)  of  Agure  5-2,  where  Ate  charge  on  a  capacitor  C  is  controlled  by  alternaUvely 
chargiag  it  (by  closing  £it  and  opening  Sa)  and  discharging  it  (by  opening  and  closing  Ss).  Remember  Aiat 
current  Auough  Ate  capacitor  is  a  fruusAon  of  Ate  rate  of  charge  Aow  (2: 

i*w  =  Q/r  =  vi»o/r  (2) 

where  T  equals  the  Ante  between  suct^ssive  closings  of  Si  (beginning  of  each  charge  cycle),  deAned  as 


/er*=l/r  (3) 

By  rearranging  and  subsAtuAng  equaAons  (1),  (2),  and  (3),  a  resistance  equivalent  is  obtained  in  terms  of 
capadtance  and /dki 


R=Yinlhy,=  llO(fdk)  (4) 

So  it  can  be  seen  Aut  for  a  given  C,  adjusAog  the  effecAve  R  can  be  accomplished  by  a^jusAng  fdh- 

In  pracAce,  Si  ,and  St  are  typically  MOS  switches,  and  an  acAve  equivalent  RC  Alter  is  used.  In  (c)  of 
Agure  5t2,  a  Ample  lowrpais,  Angie>pole,  acAve  Alter  is  shown,  while  (d)  shows  Ate  same  Alter  wiAt  R  replaced 
by  the  equivalent  twltched'«apncltof  circuit 

The  swltched^cmtadtor  Alttx  la  rtd  a  panacea,  however.  It  possesses  certain  DC  offset  charactetlsAcs  and 
high-frequency  IhrAtaAoni.  The  Alter  Is  also  a  sampled  Alter,  making  it  subject  to  Are  same  criteria  u  oAw 
sintpled  syate^.  AAentton  mult  be  paid  to  Ale  Nyqdst  frequency— In  AAs  ease  running  Are  dock  frequency  at 
least  twice  as  fast  as  Are  frequency  of  the  Agnal  Mng  Alter^.  The  Alter  also  Introduces  noise  into  the  Altc^ 
odput  which  Uffllls  the  io  an  effscAve  resolution  of  approximatdy  0.1  percent  Also,  introduction  of 
high-frequency  square-wave  docks  to  allow  Are  Alters  to  operate  could  intt^uce  noise  into  surrounding  analog 
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llneii  Bitt  iaiiMwed  dMigns  iMl  tfadt  ibUity  to  be  fMclaged  in  OMUMUttiic  p«t» 

rigiUtl  yiffmUrtnittin^mali—  mIimi 


StatUdcal  flltoliig  U  the  intetpnutioft  of  data  In  a  dlitributic^.  seme.  For  instance,  creating  a  Idtiogram 
where  each  column  iq)refenu  the  piesauK  at  a  particular  apacial  jioiition  or  the  number  of  a  particular  sized 
particle  detected. 

Utete  Is.muCh  inte^M  tncasuring  aircraft  vibration,  partlculatl'y  in  clearing  an  aircraft  structurally  for  dif- 
forent  fll^  envelopes.  Ihese  vibradona  are  high  in  fr^uency.  'iv  pically,  the  frequencies  are  niodulaled  on 
an  FM  (frequency  modulation)  carrier  and  transmitted  to  tape  or  gtound  fadUtles.  If  a  sampled  system  is  used 
to  measure  the  frequency,  samples  would  need  to  be  taken  at  least  at  twice  the  frequency  (Nyquist  theorem)  of 
the  rtteaauted  system.  At  discussed  in  section  3.S.3.  however,  the  system  should  be  sampled  at  greater  than  this 
frequency  if  proper  phase  and  amplitude  is  to  be  maintained.  In  either  cese,  for  safety  of  flight  monitoring,  this 
data  mutt  be  telemetered  and  analyzed  to  determine  frequency  content.  The  process  requires  a  wide  bandwidth 
for  transmission  and  a  computationally  intensive  activity  at  the  receiving  end.  If  an  appropriate  statistical  Alter 
is  applied  at  the  point  of  sampling,  the  dma  may  be  reduced  to  reportingjust  the  frequency  modes  (frequencies 
and  amplitudea)  with  a  considerably  reduced  transmlsslor.  bandwidth  requirement 

5.4  Data  ComprcMton  Filtering 

The  process  of  conqueaslng  data  is  an  act  of  Altering.  The  simplest  form  of  data  compression  Altering  is 
to  examine  a  data  parameter  and  not  pau  it  on  If  h.  has  not  changed  from  the  last  time  it  was  sent  This 
frttm  does  not  reduM  the  overall  Information  conimtt  The  data  can  be  reconstructed  easily  with  some  extra 
computational  capability.  The  only  drawback  to  this  technique  is  in  cases  where  data  are  lost  as  a  result  of 
transmission  dropout  or  interference.  If  foe  data  ctiusc  that  moment  to  update  their  value,  and  that  information 
ia  not  updated  agidn,  then  slgniflcant  errors  can  creep  into  the  data  being  analyzed.  In  short,  missing  one  value 
that  is  seldom  sent  is  more  significant  than  missing  one  value  that  is  frequently  sent  For  example,  an  aircraft 
is  not  likely  to  swing  Us  landing  gear  very  often  (hopcftiUy,  an  even  number  of  times)— certainly  less  often 
than  the  aircraft  speed  changes  occur.  Sending  foe  gear  position  updates  at  the  same  rate  as  the  speed  updates 
is  a  waste  of  bandwidth  resources. 

Vsriations  on  this  form  of  Altering  include  creating  a  window  to  deflne  what  constitutes  a  "change.”  For 
instance,  the  algorithm  might  say.  “send  a  .^w  temperature  value  if  it  has  changed  by  mote  than  0.2*P  since 
the  iut  time  the  value  was  sent”  In  this  cate,  tome  information  content  will  probably  be  lost  as  with  most 
‘'normal”  Alter  implementations.  But  what  constitutes  a  signlflcant  change  can  be  deftned. 

5.5  Pitfalla  (Problem  AitM)  of  Digital  Filtering 

Digital  Altering  requires  much  computadon.  Until  recently,  computations  could  only  be  done  in  non-real-time 
(during  poatflight  data  reduction).  Inclusion  of  modern  distal  signal  processors  (DSP's)  on  aircraft  data  acqui- 
slAon  syatoms  requites  ikiiit  not  noemrity  posaested  by  experienced  instrumentadon  engineers.  Fortunately, 
manufacturers  are  hiding  the  mathemati^  magic  and  are  requiring  implemeaters  to  input  Aie  design 
criteria  as  they  did  fbr  analog  flUers  (pwbtni  frequency,  stop  band  frequency,  stop  band  noise  rejectioo,  pau- 
band  gala  tolerance,  and  sampUag  frequency).  The  only  addi  tion  is  deciding  foe  number  of  coeffidenis  to  use, 
and  even  this  number  may  be  set  to  a  recommended  value  determined  by  die  test  of  foe  criteria.  However, 
signal  pmceaipoi  Mist  that  require  foe  engineer  to  write  tiie  digital  Alter  design  code. 

It  mutt  be  retterafod  that  unless  die  measurand  is  oversampled  sufAdenAy  (remembering  that  aufAdency  must 
be  determidibte),  it  must  be  andaliat  Altered  prtdr  to  sampling  or  entry  into  a  digital  Alter. 
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6  DIGITAL  COMMUNICATION 


ThtM  $it  flme  bMtc  niMliodt  Ibr  trtuftrrlag  digital  data:  copper  wire,  telemetry,  and  optical  fiber.  Each 
meiiiod  Its  advastaget  tod  dliadvaatagea. 


41.1  Copper  wire 

llila  method  U  the  limpleat  and  oldett  medium  of  ttanifer  for  digital  data.  Interfacing  to  tranamisalon  and 
leoelvliig  equipment  la  alinple  and  itraightforward.  However,  It  doea  have  ihoitoondngs.  Digital  tranamiaalon 
la  uiuelly  a  letlee  of  iquare  wavea.  Square  wavea  can  be  oonaldered  u  a  collection  of  an  Infinite  number  of 
tine  wavea  at  dUCereitt  ftequendei  and  amplitudes.  Cables  selectively  attenuate  higher  firequenclea.  Because 
the  higher  iirequencies  contribute  the  most  to  the  '‘sharpneu**  of  a  iquare  wave's  rise  and  Ml  time,  the  pulses 
will  round  off  and  spread  (disperse).  At  tong  cable  lengths,  the  round  off  becomes  significant.  At  high  pulse 
rates,  the  rounding  can  cause  dfiiculty  in  distinguishing  ctosely  spaced  pulses. 

In  addition,  copper-wired  transmission  is  susceptible  to  interference  from  electric  and  magnetic  fields.  INvisting 
wires  can  minimize  magnetic  field  interference,  and  shielding  the  wires  can  minimize  electric  field  interference. 
“Crosstalk,”  or  the  picking  up  of  signals  from  adjacent  channels.  Is  a  frequent  result  of  these  fields. 

Another  problem  in  copper-wired  transmissions  can  arise  If  the  signal  return  Is  “ground”  referenced  at  each 
end.  This  is  a  so-called  “single-ended”  or  “unbalanced"  connection.  The  problem  here  is  that  each  end  of  the 
“ground”  is  at  a  different  voltage  potential  because  of  stray  ground  currents  flowing  in  the  nonzero  resistance 
of  the  conduction  patli  between  the  two  ground  terminations.  There  are  many  sources  of  electric  energy  in  an 
aircraft.  The  more  sources  that  are  ground  referenced  to  the  same  conductive  medium  (typically  the  skin  or 
firame  of  a  metal  aircraft),  the  more  currents  are  induced.  Therefore,  there  is  more  voltage  difference  between 
any  two  points,  which  can  signiflcantly  cut  into  the  noise  margin. 

Finally,  at  longer  cable  lengths  and  higher  pulse  rates,  transmission  line  effects  are  seen.  Discontinuities,  or 
mismatches.  In  impedances  will  cause  reflections  that  can  significantly  distort  the  pulses. 

64J  Ftberoptica 

Fiber  opttc  data  transmission  is  the  most  Important  technical  development  In  data  communication  in  recent 
years.  \lTth  it,  almost  all  of  the  disadvantages  of  copper-wired  transmission  disappear.  Fiber  optics  allows 
for  extremely  high  data  rates  over  long  distances  and  is  virtually  Immune  to  electrical  Interference,  grounding 
problems,  and  static.  It  is  also  extremely  li^weight 

These  ate  important  considerations  la  aircraft— especially  weight  and  noise  immunity.  Fiber  optics  has  a  few 
disadvantages,  however.  Currently,  fiber  optic  transmission  requires  a  change  In  energy  from  electrical  to 
optical  and  back.  This  change  requirei  additional  hardware.  More  importantly,  the  optical  fiber  connections 
at  this  stage  of  development  ate  d^ult  and  require  a  special  skill  for  use. 

Connection  techniques  have  become  ea^,  however.  The  use  of  laser  diodes  lesieiu  connection  losses  so 
connection  aUgnmMtt  see  not  as  critical. 

Instnimetitlng  an  aircraft  for  flight  test  frequently  requires  modifications  and  additions  to  existing  aircraft 
wiring.  Afll^teitprogram  usually  requires  modification  of  the  wiring  for  different  phases  oftesting.  Because 
ocmnections  ere  the  single  mott  difficult  partof  a  fiberoptic  Installation,  this  situation  presents  difficulties.  Fiber 
Oonnectiona  work  best  if  there  art  no  connections.  Common  practices  of  bulkhead  disconnects  in  wiring  can 
signiflcanfiy  degrade  an  optical  signal  A  single  optical  fiber  should  extend  ftom  one  end  to  the  other  because 
splitting  off  signals  for  bus-type  connections  is  tricky. 
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Today  there  is  little  use  of  optical  Abers  in  ’‘wiring”  instrumentadon  for  flight  teat  Sone  organizationa  h«ve 
experirneated  with  it.  abandoning  it  untii  the  technology  of  interconnecting  systems  improves. 

Optical  fibers  are,  however,  finding  use  in  distal  flight  control  systems,  particularly  in  military  aircraft.  These 
installations  don’t  requite  most  of  the  dynamic  reconfiguring  thtt  flight  test  instrumentation  does.  The  advan* 
tages  of  lighter  weight,  electromagnetic  interference  (EMI)  immunity,  and  high  data  rates  win  out.  However, 
because  fliese  systems  must  be  nmnltored  for  flight  testing.  Instrumentation  crews  are  being  forced  to  work 
with  optical  fibers. 

6,1,3  Telemetry 

Tblemetry  is  the  broadcasting  of  digital  information  by  way  of  radio  ftequency  energy,  Its  use  in  flight  testing 
is  extremely  important  Iblemetry  provides  ground-based  evaluators  with  Instrumentation  data  in  real  time 
so  that  safety  of  flight  parameters  can  be  monitored.  It  also  provides  a  record  of  the  test  flight  if  the  onboard 
recording  device  is  damaged  or  dutroyed  in  a  crash.  In  an  aircraft  without  an  onboard  recorder,  telemetry  can 
provide  the  onfy  record  of  flight  data. 

6JL  TranmiiaaloiiTiiniiig  Choices 

62.1  Synchronoua 

Synchronous  transmission  of  data  transmits  in  a  regular,  predictable,  continuous  stream.  The  Inter-Range 
Instrumentation  Group  (TRIG)  pulse-code  modulation  (PCM)  signals  are  sent  in  this  manner.  The  receiving 
equipment  locks  onto  PCM  synchronization  word  patterns  that  are  unique  and  not  found  in  the  rest  of  the  data 
stream.  Thus,  the  equipment  can  keep  track  of  its  position  in  the  KM  stream,  There  are  two  advantages 
to  this  technique.  First,  with  the  appropriate  PCM  sampling  system,  data  are  sampled  at  regular,  predictable 
intervals  and  work  with  linear  reconstruction  techniques  using  simple  computer  programs.  Second,  standard 
QUG  decommutation  equipment  can  be  used  to  receive  and  Interpret  the  data. 

The  disadvantage  of  this  method  of  data  transmission  it  that  for  data  changing  value  much  slower  than  the 
sampling  rate,  bandwidth  is  wasted.  Synchronous  transmission  requires  regular  sampling  of  data  as  each  data 
parameter  is  idendflable  by  Its  own  unique  timeslot.  Even  if  a  parameter  hat  the  same  value  as  the  last  time 
it  was  sampled,  it  must  be  transmitted  regardless  because  that  timeslot  has  been  assigned  to  it.  Obviously,  if 
much  of  the  data  are  static,  then  much  redundant  data  are  transmitted. 

622  Asynehronoui 

In  asynchronous  transmission,  data  are  transmitted  only  when  there  is  new  information.  The  signal  medium 
(RF,  data  lines,  and  so  on)  is  “dead”  between  transmissions.  During  times  of  high  ntessage  traffic,  the  stream 
may  appear  to  be  oontiauous,  but  some  minimum  dead,  or  "stop”  time  is  proscribed  between  message  words 
or  groups  of  words;  This  technique  is  useftil  when  unnecessary  use  of  bandwidth  is  to  be  minimized. 

These  are  two  disadvantages  to  asynchronous  transmission.  First,  each  data  message  must  carry  label  and 
sample  time  inflormation  to  AiUy  identify  a  parameter  or  group  of  parameters.  This,  as  well  as  the  requirement 
for  a  certain  stop  time.  Increases  the  amount  of  time  to  send  data,  a  drawback  if  much  data  require  transmission. 
Second,  receiving  equipment  is  complicated  because  more  intelligence  is  needed  to  decode  the  data.  Each  data 
word  or  ppeket  must  Jhayo  lu  lalbei(s)  examined  to  determine  what  dau  it  is. 

Sometimes  hybrid  approaches  are  used.  With  the  F-15  digital  electronic  engine  control  (DEEC)  system  tested 
at  the  NASA  Ames  Research  Center’s  Dryden  Plight  Research  Facility,  data  were  tent  as  asynchronous  8-bit 
bytes  (with  1  itart  bit  and  2  stop  bits).  However,  the  contents,  when  constructed,  resembled  a  synchronous 


daUttMln  complete  with  frime  tyii^^  IhU  It  pertwpe  the  limpkitapproKh  in  termi  of  hardware 
and  aoftware  cequiied  fbr  data  tent  over  wlie  at  moderately  alow  da*i  lalea. 

In  anothtt  cate,  atyncfaronoua.  data  from  a  mUitaiy  ttandard  (M]L-STD>1S93)  data  but  (diacutaed  in 
aec.  6J.1)  wat  defbnutted  into  a  tynchroaout,  frame-tynchronized  data  atream  that  made  ute  of  dummy 
data  wordt  when  there  wat  dead  time  (ref.  16). 

6JL3  laadnonhua 

laochionoua  tranamiatlon  it  data  tranamitted  bated  on  a  diiea  telatlonahip  to  eventt  being  monitored.  For 
example,  la  helicopter  teatlng,  it  it  more  dgnlficant  to  time  data  relative  to  the  revolution  rate  of  the  rotor 
blade  than  it  la  to  an  arbitrary  (and  therefbre,  nontynchronized)  time. 

62  Conununkallon  Fomint  Choicca 

6J.1  SerlaltraMAr 

Serial  tranafer  la  tending  digital  data  one  bit  at  a  time.  Ittakeateveral‘1>lttlmea‘'(8, 10, 16, 32,  and  to  on)  for 
a  unit  of  digital  Information  (a  word)  to  be  ttantferred.  Thit  form  of  tranafer  requlret  the  fewat  connections 
between  a  tranamlttlng  and  receiving  ayatem,  usually  only  two  electrical  wires  or  one  optical  fiber.  Serial 
transfer  saves  weight  and,  in  the  cate  of  telemetry  trantmitalon  of  data,  saves  RF  spectrum  bandwlddi.  With 
today's  LSI  components.  It  it  np  more  complex  than  tending  data  in  a  parallel  (ace  aec.  6.3.2). 

Serial  data  can  be  regarded  in  one  of  three  ways:  unldlteclioaal,  half  duplex,  or  fiiU  duplex. 

Unidirectional  tranamiaaion,  at  the  name  implies,  it  data  tent  In  one  direction  only.  The  tranamlttlag  end 
requlrea  no  information  ftom  the  receiving  end.  h  la  Juat  “broadcaating"  the  data  to  whatever  might  be  listening. 
This  it  the  mode  used  when  tending  telemetry  from  an  aircraft  to  ground  ttationt  or  to  onboard  recorders. 

Half-duplex  ttantmltaion  tends  data  both  ways,  but  only  one  direction  at  a  time.  The  beat  example  of  this  la 
a  two-way  radio,  where  each  station  can  transmit  over  the  tame  fiequency  by  taking  turns.  Vbtlout  ttandard 
pracdoet  are  developed  to  know  whose  turn  it  is  to  transmit.  The  tame  la  true  of  half-duplex  data  trantmitalon. 
This  form  wat  very  common  In  the  early  days  of  radio  teletype,  computer-teletype  links,  and,  currently,  shared 
data  hut  Gonnectlont  like  MIL-STD-1SS3  (sec.  6,S.l). 

Fbll-duplex  trantmitalon  sends  data  both  ways  at  the  same  time.  A  telephone  connection  Is  a  good  example. 
Both  paftlet  can  converte  aimultaneously,  alfoough  with  moat  humans  this  would  make  little  tense.  However,  It 
does  relax  protocol  requirementa.  Atalkmcanbeintenupted.  In  data  communications,  noore  than  interruptions 
canbema^.  Data  can  flow  in  both  directions  at  the  tame  time,  and  can  keep  each  end  Informed  of  the  other’s 
u^mprehenalon,  (la  the  receiver's  buffer  full?  Has  It  detected  an  error?)  Pull-duplex  connections  make  the 
most  sente  In  point-to-point  connections  between  computer  systems.  Alto,  they  are  the  most  convenient  form 
In  termli|aI-to-computer  connections,  and  are  the  most  common  form  in  use.  In  its  simplest  form,  another  pair 
of  udres  la  added  to  allow  information  to  flow  back,  as  with  ARINC  429  discussed  in  le^on  6.5.2.2.  In  a  more 
comidex  form,  multiple  flrequendes  and  phases  over  the  same  pair  of  wires  are  used.  Appropriate  filtering  at 
eadr  end  sepai^  each  frequency  into  the  appropriate  interpretation  of  digital  data,  iniis  it  how  telephone 
fiiU-dupIex  MODEM'S  ftmctlon. 

622  Pualld  traiMfier 

Parallel  data  transfer  Is  the  fastest  way  to  transfer  digital  data.  An  entire  digital  entity,  or  word  (for  example, 
8, 10, 16, 32  bits),  it  tent  at  one  time.  If  several  words  are  required  to  make  up  a  message,  then  this  type  of 
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tnnitoii  called  word  aerial  aa  only  one  wood  la  teat  at  a  dme.  Theoretically,  a  parallel  ttaoifer  caa  be  ntimei 
fititer  than  a  bit  aerial  traasfer;  where  »ia  the  aiunber  of  bits  ia  the  word. 

ftrallel  tnaafer  la  diacuaaed  only  in  teladoa  to  wired  coanecttona,  A  parallel  tranalisr  in  telemetry  would 
require  aa  eiirettely  wide  beadwldth,  or  range  of  fiequeadea,  aad  an  eaormoua  amount  of  tnuumttdng  and 
leoeiving  equipment  to  effect  a  parallel  algnal  path. 

There  ia  a  lack  of  atandarda  in  parallel  cotmecdona.  Printer  porta  use  a  Xentronica”  standard  (unidirectional), 
and  many  computer  backplanea  are  uaing  bua  atandarda  (VME.  MULTIBUS.  G-64.  and  ao  forth). 

In  aununary.  parallel  connectiona  offer  the  feateat,  least  protocol-complex  data  transfer  while  adding  intercon- 
necdoa  complexity  (mote  wires)  and  weight  to  the  solution. 

6.4  Data  Fonnati 

6.4.1  Timing  and  aynchronixation 

The  moat  common  method  of  data  formatting  in  fll^  test  is  PCM.  Data  are  sampled  and  sent  in  a  bit  serial 
fashion  on  a  regular,  predictable,  timed  cycle.  Tb  decode  the  information,  synchronization  words  are  sent  to 
mark  the  hegiaoing  of  a  group,  or  frame,  of  information. 

The  location  of  a  word  relative  to  the  synchronization  words  determines  the  significance,  or  label,  of  that  word 
aa  opposed  to  each  word  having  a  label  attached.  This  technique  la  simple  to  encode  and  makes  efficient  use  of 
bandwidth,  wasting  only  those  words  required  for  synchronization.  However,  it  la  difficult  to  decode  without 
using  commercial  decoding  equipment,  and  require  data  to  always  be  sent.  The  data  are  sent  even  if  the 
information  has  not  changed  from  the  last  tranamlsston,  resulting  ia  wasted  bandwidth. 

The  PCM  tranamisalon  foUowing  DUO  atandarda  ia  a  unidirectional  transfer.  If  the  receiving  stttlon  detects 
questionable  data,  it  has  the  option  of  keeping  it  or  Ignoring  it  It  cannot  direct  the  transntltter  to  retransmit  it. 
Because  the  detection  of  errors  la  in  the  foim  of  recognizing  the  synchronization  words  at  the  proper  time,  if  it 
doesn’t  see  what  it  expects,  then  it  must  assume  that  the  entire  last  frame  of  Information  is  suspect  (see  ref.  1). 

6A2  Error  detection  and  correction 
6.4JL1  Parity  btt 

The  simplest  form  of  error  detection  is  the  parity  bit  The  transmitting  device  computes  a  parity  bit  for  each  data 
word  tent  and  combines  the  bit  with  the  data  word  to  form  a  transmitted  word.  The  receiving  device  receives 
this  word;  performs  its  own  oonqNitatlon  of  what  the  parity  bit  should  be;  compares  it  to  the  transmitted  parity 
bit;  and,  if  dilTereut,  shows  that  an  error  hat  occurred. 

The  calculation  is  a  simple  one.  The  word,  being  binary,  consists  of  I’s  and  O's.  Count  the  number  of  1  's  that 
occur  in  the  word  (bit  po^on  is  not  important),  and  tee  if  there  are  an  odd  or  even  number  of  1  's.  If  the  system 
is  designed  to  use  “odd  parity, “  then  ttfe  total  number  of  I's  in  the  transmitted  word  (Including  the  parity  bit) 
must  be  an  odd  number.  The  parity  bit  is  then  set  to  either  1  or  0  accordingly.  An  “even  parity”  system  adjusts 
the  parity  bit  so  that  an  even  nuoto  of  I’s  are  transmitted.  Either  way,  this  system  vAll  o^y  detect  an  odd 
number  of  errors.  An  even  number  of  errors  will  cancel  each  other  out  and  the  error  will  go  undetected.  Note 
also  that  there  is  no  way  of  determining  where  the  error  is  in  the  word,  only  that  an  odd  number  has  occurred. 
Therefore,  this  is  an  error  detection,  but  not  an  error  correction,  scheme. 
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6A22  Enorcomctioncode 

Erttir  cnHwertmi  rnii^  (Rrr‘«)  an.  p\nut*  tedtwtquM  ftir  iW  nnly  <W»r«nin>ng  «h»t  mnr*  havf 

oocuned.  bittaUolbrleanliig  in  wlikhUts  they  have  occuind.  BecauwddsU  Unary  dau.  knowing  that  a 
paitloilarUt  ia  in  error  inflm  that  the  oppoiite  logic  level  it  the  oonect  data;  thui  the  error  can  be  OQciected. 

A  tingle,  efftcdve  way  of  doing  Ihit  it  to  letrantadt  a  word  aeveral  timet  and  then  compare  them,  throndng 
otit  die  wotda  that  don’t  match  the  maiorlty.  Tbit,  however,  la  extremely  waatefiil  of  ba^width  and  isn’t  as 
efCBcdve  at  ECC’t.  The  ECC’t  typically  aU  oely  25  to  45  percent  to  the  bandwidth,  while  providing  better 
checka  than  maiodty  voting. 

The  ECC't  are  uaed  extensively  in  deep  H>ace  probes.  Much  of  the  inltormatioa  being  tent  is  imaging,  so 
every  bit  it  important  This  is  a  ^me  example  of  where  it  would  be  impractical  to  request  that  the  information 
be  mtranamilted  becauae  of  an  dft*!*^**^*!  The  request  tt"**  delay  ia  too  great  of  the  distances 
involved.  So  instead  of  retransmltaian  requeat  on  error.  ECC  is  used.  The  BCC  requires  a  bandwidth  increase 
(tending  date  Cuter),  unless  it  it  acceptable  to  decrease  the  overall  update  rate.  This  is  a  result  of  increased 
overhead  in  the  form  of  more  bits  (the  ECC  bits)  requiting  transmission. 

In  flight  tealing,  BCC  it  leu  iinportant  The  rapid  rqieat  tale  of  die  data  cycle  makes  it  easier  to  accept  an 
occasional  loatCrame.  However;  theutechnlquu  will  see  increased  usage  in  flight  test  u  onboard  piocesdng  in 
data  acquisition  aystemi  becomes  mote  common.  Therefore,  it  it  good  to  be  familiar  with  the  basic  mechanism. 

An  example  of  a  popular  ECC  technique  it  the  Hamming  code.  Data  are  encoded  so  that  a  decode  matrix, 
called  a  padty-ch^mattix,  is  used  to  extract  it  if  mUts  ate  actual  inCormadon,  then  n  is  the  total  number 
of  bits  tbit  must  be  sent  Thus,  m  and  naie  related  by  the  formula 

ms  n-  fc 

where  k  Is  the  number  of  rows  in  the  parity-check  matrix,  and 


n»  2*  - 1 


The  best  way  to  describe  this  code  is  by  example.  If  k  >  2.  then  the  parity-check  matrix  H  is  a  k  row,  n 
column  (k  x  n,or2  x  3  in  this  case)  matrix  with  m  » 1.  n  e  3.  So  3  -  1  s  2  extra  bits  sent  for  each  actual 
infbtmadon  bit  This  is  termed  a  single-error-correcting  rate  of  A  =  tn/n  s  1  /3 ,  or  1  out  of  every  3  bits  sent 
isinformatiou. 

Also,  if  k  ■  3.  then  H  Is  a  3  x  7  matrix  andm3  4,nB7.  So7-4  =  3  extra  bits  sent  for  every  4  infomulion 
bits  and  A  >■  4/7,  or  4  (Hit  of  every  7  bits  sent  is  information. 

If  k«4,thenHisa4  x  15  matrix  and  m*  11, »«  IS.  So  15  -  11  ■  4  extra  bits  sent  and  A  =  11/15,  or  11 
out  of  every  IS  bits  sent  is  Infbrmatioa,  and  so  on.  As  kincreaau,  the  ratio  of  informadon  bits  to  total  bits 
aentlmpro^.  But  the  parity-check  matrix  (decode  matrix)  increases  rt^ldly. 

In  an  extension  to  the  Hamming  code,  if  an  overall  parity  check  is  added  to  the  H  matrix  (another  row  and 
cohiffin),  not  only  are  ill  single  ema  corrected,  but  aU  double  errors  are  detected  u  well. 

In  data  transmission,  errors  are  more  likely  to  occur  in  dusters,  or  bunts,  because  of  lightning  stadc,  or  an 
aircraft  tdllieg  ita  antenna  away  from  the  raving  stadon.  The  Hamming  and  extended  Hamming  codes  Just 
described  wo^  not  be  very  effective  in  tlds  sltuadon  unleu  each  encod^  word  wu  very  long.  One  way  of 
making  i  wtxd  look  very  1^  it  to  interleave  the  words.  That  is,  collect  a  sequence  of  words  and  rearrange 
them  to  send  all  the  first  Uts  consecutively,  then  aU  the  second  bite,  and  to  forth.  This  hu  the  effect  of  spreading 
words  over  a  long  dme.  On  reception,  reorder  the  bits  back  to ’’normal’’ and  then  decode  them.  Any  burst  of 
etrora  is  thus  scattered  through  dUferent  code  words  and  stands  a  better  chance  of  correction  because  each  word 
will  have  fewer  errors  and  may  be  within  die  error-correction  limit  Tb  the  author’s  knowledge,  this  technique 
is  ttot  GUiiMt^  UMd  in  the  flight  test  con 

Seeiaftinnce  17  fee  s  more  detailed  diiniaalon  of  Hamming  codes. 


64JL3  Cydic  redundancy  code 


Cydic  redundancy  code  (QIC)  is  a  common  technique  for  delecting  errors  in  data.  It  finds  its  best  application 
in  detecting  burst  mode  errors  like  interftrence  in  a  radio  transmission.  The  CRC  is  a  “group  code"  tech¬ 
nique.  An  entire  group  (or  frame,  packet,  or  block)  of  information  has  a  CRC  code  attached  that  indicates  the 
vaUdity  of  that  group.  This  informatiqn  can  be  used  to  either  accept  or  ignore  the  group,  or  request  that  the 
group  be  ^tmosn^^. .  Disje  drives  ai^  group  protocols  like  synchronous  data  link  contrd  (SDLC)  commonly 
uacCRp’s. , . 

M<3  Data  packd  format 

Data  are  usually  otganixed  into  groups.  Even  systems  that  allow  data  to  be  sent  with  attached  labels  (theoreti¬ 
cally  aUovring  data  to  be  sent  in  any  order  or  titm)  tend  to  have  preestablished  orders  for  sending  data.  It  takes 
more  intelligence  for  the  Uansmilting  system  to  dynamically  select  what  to  transmit  than  it  does  to  instruct  it 
to  send  a  prearranged  group  of  data. 

Grouping  of  data  has  some  advantages.  It  allows  group  coding  such  as  CRC  to  be  used,  and  it  simplifies  the 
decoding  of  Information  by  preknowledgb  of  the  content  and  order  of  a  particular  group.  It  also  can  save 
bandwidthi  as  individual  labels  are  not  required.  Arranging  data  in  a  group  means  that  a  group  retransmission 
request  (based  on  a  bad  CRC  check,  tor  example)  can  identify  a  group  to  be  retransmitted. 

The  disadvantage  of  daU  grouping  is  the  lack  of  flexibility  in  determining  what  makes  the  most  sense  to  send 
based  on  what  information  has  changed.  It  is  like  waiting  for  a  stop  light  when  there  is  no  car  in  the  green  light 
lane.  Data  that  needs  to  transmit  may  have  to  wait  for  data  that  doesn't  need  to  transmit. 

6JS  SUmdard  Avtonics  Data  Buses 

Understanding  the  concept  of  a  data  bus  is  extremely  impoitank  Most  modern  aircraft  are  designed  to  include 
at  least  one  data  bus.  This  section  introduces  the  concept  of  a  data  bus,  describes  the  most  commonly  used 
aircraft  data  buses,  provides  details  about  their  design  purpose  and  operation,  and  gives  examples  of  actual 
aircraft  data  but  installatloos. 

The  term  “bus"  refers  to  a  common  data  path  for  information  coming  from  different  sources  going  to  different 
destinaUons.  This  data  path  may  be  a  group  of  electrical  lines  that  pass  signals  back  and  forth  in  parallel  with 
each  other  (parallel  buses  are  common  in  computer  backplanes),  or  the  carrier  may  be  one  electrical  or  optical 
line  that  passes  Information  in  serial  (bit  by  bit).  Data  may  be  time  multiplexed  (share  the  same  line  or  lines 
during  dlffiBrent  time  periods),  or  it  may  be  modulated  on  different  frequencies  and  sent  concurrently.  Hme- 
multiplexing  Information  is  called  baseband,  and  modulating  concurrently  is  called  broadband.  Baseband 
techniques  usually  require  less  encoding-decoding  circuitry  than  broadband  techniques  and  are  therefore  more 
prevalent  aboard  aircraft.  Broadband  is  not  covered  in  this  volume. 

The  prime  driver  for  busing  equipment  is  cost  savings.  Designing  pieces  of  equipment  to  fulfill  a  specific 
requirement  without  regard  to  other  possible  needs  leads  to  multiple  design  efforts  that  cover  the  same  ter- 
rlt^  and  may  be  incompatible.  If  standards  are  established  for  interfacing  equipment,  then  effort  spent  on 
designing  an  Interface  can  be  conidderably  reduced,  thus  saving  cost  Therefore,  define  the  standard  in  broad 
enough  ternu  to  cover  the  foreseen  tasks.  At  the  same  time,  be  specific  enough  to  prevent  ambiguity  and 
locbm(M|tibiUty  in  diffetMt  Implementations  designed  to  the  same  standard. 

CJ4  M1[L-«11>-1SS3/1773 

Avionics  integratioo.  or  sharing  information  between  different  airborne  electronic  subsystems,  has  fast  become 
a  necessity  to  meet  aircraft  misrion  requirements.  This  equipment  includes  navigation  systems,  computers. 
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pod-mounted  senson.  weapons  guidance,  radar,  flight  control  systems,  displays,  and  avionics  test  equipment 
lb  economically  meet  the  reqidrements,  the  SAE  (Society  of  Automotive  Engineers)  formed  a  coi^ttee 
(A2K)  in  1968  to  establish  basic  requireqtents  for  a  serial  data  bus.  The  goal  was  to  (1)  reduce  systems  cost 
(2)  increase  reliability,  and  (3)  increase  the  availability  of  systems.  >teious  data  bus  schemes  were  designed 
in  the  late  1960's  and  early  1970*s.  In  1973,  lessons  learned  by  the  A2K  committee  foom  foese  bus  In^l^n- 
tations  and  fortber  study  resulted  in  MIL-STD-1SS3.  This  standard,  and  wider  reco^don  of  the  need,  led 
to  more  study,  and  in  1973  the  MIL-S1D-1SS3A  revision  was  released.  The  current  revlSlbn  was  released  in 
1978  as  MIL-STD-1SS3B  (ref.  18). 

MIL-STD-1SS3  establishes  information  transfer  formats,  protocol,  and  electrical  characteristics  for  avionfos 
data  transfer.  It  is  part  standard  and  part  specification.  The  standard  portion  deals  with  the  information  transfer 
while  the  specification  portion  concerns  electrical  characteristics  of  the  bus.  Line  impedance  and  voltage,  sig¬ 
nal  coding  technique,  modulation,  channeling  method,  and  isolation  are  included  in  the  q)ecification  (ref.  19). 

6,5.1.!  Ibmiinal  types 

There  are  three  types  of  equipment  attached  to  a  1333  data  bus;  a  system  controller  (or  bus  controller  (BC)), 
a  remote  terminal  and  a  bus  monitor  (BM). 

A  BC  controls  the  use  of  the  bus  (don’t  speak  until  Spoken  to).  It  initiates  information  transfers  on  the  data 
bus.  There  is  only  one  system  controller  active  on  the  bus. 

An  BT  is  a  bus  deviix  that  responds  to  specific  bus  addresses  and  commands  fiom  the  system  controller.  This 
is  the  most  prevalent  terminal  type,  as  many  typically  exist  on  a  1333  data  bus. 

A  BM  listens  on  the  bus  and  extracts  information  but  does  not  inject  any  information  onto  the  bus.  It  is  used  for 
instrumentation,  or  as  stated  in  the  standard,  for  information  to  be  used  at  a  later  time.  Instrumentation  for  flight 
test  purposes  does  not  want  to  distaub  the  bus  or  change  its  normal  operating  conditions.  It  also  wants  to  obtain 
information  about  messages  sent  to  RTs  on  the  bus,  each  of  which  is  responsible  for  responding  to  the  BC. 
Two  devices  cannot  respond  at  the  same  time,  so  one  of  the  receiving  devices  (the  monitor)  remains  passive. 

Hgure  6-1  is  a  diagram  of  an  F-16  aircraft  bus  network.  Note  that  each  subsystem  is  attached  to  two  bus  lines. 
This  is  a  dual  redundant  configuration.  The  data  are  passed  on  one  line  unless  problems  are  encountered,  then 
communication  is  attempted  on  the  other  (backup)  Une.  Exactly  what  action  is  taken  when  error  conditions 
are  met  is  system  dependant  and  not  usuSlly  covered  in  MIL-STD-13S3. 


•io;m 

Figure  6-1.  The  F-16  avionic  system  architecture. 


With  this  basic  understanding  of  the  connectivity  of  the  bus,  MIL-S1'D-1S33  is  examined  from  the  bottom  up, 
starting  with  the  hardware  connections  and  enc^ng  technique. 
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63.1.2  Databutceble 

The  fdlowing  it  a  suihmary  of  MIL-STD-1553B  cable  specifications: 

TVvUited  pair  shielded 

A  30-pP  cap^tance/it  maximum 

A  4-twists/ft  minimum 

A  75-pcrcent  minimum  coverage  for  shield 

Characteristic  impedance  (Zo):  70  to  85  ohms  at  1  MHz 

Attenuation  less  than  1.5  dB/100  ft  at  1  MHz 

Each  end  terminated  with  a  resistor  equal  to  Zo  i:  2  percent 

Stub  requirements: 

Thtiisformer  coupled  (long  stub) 

Direct  coupled  (short  stub) 

The  MIL-STD-1553  bus  is  thus  defined  as  a  twisted  pair,  shielded  electrical  cable  coupled  to  terminal  devices 
(sources  and  destinations  of  signals)  by  stubs.  Figure  6-2  shows  the  two  types  of  legal  connections  to  the 
data  bus:  direct  coupled  and  transformer  coupled.  Note  that  in  both  cases  the'  terminal  is  isolated  ftom  the 
bus  by  at  least  one  transformer.  The  term  “direa  coupled”  refers  to  the  coupling  of  the  stub  to  the  bus.  If 
the  distance  to  the  terminal  transceiver  is  less  than  1  ft,  then  direct  coupling  is  acceptable.  The  author  found 
that  some  1553  bus  systems  have  operated  with  direct-coupled  stubs  considerably  longer  than  1  ft.  But  when 
troubleshoodng  a  bus  system,  the  first  suspect  areas  are  those  that  do  not  adhere  to  the  specification.  Therefore, 
to  avoid  problems,  adhere  to  the  specification  from  the  beginning. 


Oiraot  coupled 


Transformer  coupled 
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'nblet  6-1  and  6-2  tuminarixe  data  bus  tetminai  ou^nit  and  data  bus  terminal  input  charactetittlcs. 


‘nble  6-1.  \nL-STD-lSS3  terminal  output  charactetliitic& 


Description 

Transformer  coupled 

IMrect  coupled 

Load 

70  ohms,  ±  2  percent 

35  ohms,  2  percent 

Levels 

18  to  27  V  peak  to  peak 

6  to  9  V  peak  to  peak 

Maximum  zero  crossover  distortion 

±  25  ns  peak  to  peak 

i:  25  ns  peak  to  peak 

A 10  to  90  percent  rise-^M  time 

100  to  300  ns 

100  to  300  ns 

Overshoot-ringing 

d:900mVp 

±300mVp 

Noise 

14mVrms 

5mVrms 

Symmetry  ±  250  mVp  ±  90  mVp 


Ibble  6-2.  MIL-STD-1553  terminal  input  characteristics. 

Transformer  coupled 

Direct  coupled 

Description 

Square  to  sine  wave,  1  MHz 

Signal 

Zero  crossover  distortion  (ZCD) 
Response  amplitude 

No  response  amplitude 

Common  mode  rejection  DC  to  2  MHz 
Impedance  75  KHz  to  1  MHz 

Noise  rejection 

±  150  a« 

0.86  lo  14.0  V  peak  to  peak 
0  to  0.2  V  peak  to  peak 
±10Vp 

1000  ohm 

1  X  10-’ 

±  ISO  ns  peak  to  peak 

1.2  to  20.0  V  peak  to  peak 

0  to  0.28  V  peak  to  peak 
±  10  Vp 

2000  ohm 

1  X  10-'' 

63.1.4  D(>  ta  bus  operation 

Data  bus  operation  is  baseband.  Only  one  message  exists  on  the  bus  at  a  time. 

Data  bus  operation  is  asynchronous.  Words  have  no  regular,  predictable  relationship  to  each  other  and  mes¬ 
sages  are  not  required  to  occur  at  specific,  regular,  predictable  intervals.  Most  bus  traffic  will  be  regular,  how¬ 
ever,  because  of  a  specific  implementation’s  regular  cycling  of  data-— but  this  is  not  required  in  tlie  standard. 
The  bus  will  be  quiescent  (inactive)  uiiless  the  BC  has  initiated  activity. 

All  bus  transactions  are  command-response.  The  BC  sends  a  cotiunand,  and  the  RT  addressed  will  respond 
with  (at  least)  a  status  word. 

Messages  are  sent  half  duplex.  Terminals  will  either  be  receiving  information-status  or  sending  information- 
status,  but  trot  both  simultaneously. 
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6^.1ii  Word  types 

Figure  6-3  charts  the  three  types  of  15S3  word  Ibnnats.  Itae  fomiwand  word  always  comes  firom  the  BC  and 
initiates  the  bus  activity.  Ibe  BT  addressed  by  the  command  word  always  responds  with  a  status  word.  The 
status  word  is  the  first  word  returned  fimm  the  KT  addressed  by  Ibe  command  yvord.  Status  words  only  come 
fiom  RT‘s.  Data  words  can  come  from  either  DC’s  or  BT's.  They  are  the  “meat"  of  the  message.  Each  date 
word  includes.  16  bits  of  data.  As  the  meaning  of  ttiis  data  is  not  proscribed  by  MIL-STD-1SS3,  it  is  up  to  the 
software  in  die  receiving  terminal  to  interpret  it 
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Figure  6-3.  Word  formats  for  MIL-STD- 1553. 


63.1.6  Word  formats 

All  words  passed  over  the  twisted  pair  1553  bus  cable  are  sent  encoded  as  Manchester  II  biphase'level 
(Blo»L)  (flg,  6-4(a)).  A  logic  **0"  is  a  ncgatlvc-to-posltive  transition  in  the  middle  of  a  bit  time  (shown  in 
the  figure  as  the  trailing  edge  of  the  1  MHz  bit  clock).  A  logic  “1”  is  a  positlve-to-negative  transition  in  the 
middle  of  a  bit  dme.  This  type  of  code  is  self-clocking,  meaning  that  a  separate  clock  line  is  not  required  for 
the  receiving  terminal  to  decode  the  word.  At  least  one  transition  is  guaranteed  during  each  bit  time — ^and 
frequently  two  transitions.  Figure  6-4(b)  is  an  example  of  a  biphase-encoded  data  stream.  Biphase  coding  is 
Compatible  with  transformer  coupling  and  tape  recording  (no  DC  component). 
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(a)  Maflcheater  n  biphase.  (b)  Blpliase-encoded  data  stream. 

Figure  6-4.  Data  encoding  for  the  Manchester  n  biphase-level. 

A  MIL-STD-1S53  wad  is  20  bit-times  long,  where  1  bit-time  is  1  /isec  (reciprocal  of  1  MHz  bit  rate)  (fig.  6-3). 
Of  these  20  bit-times.  16  are  message  contents  (sent  most  significant  bit  first).  The  remaining  4  bit-times  are 
used  fbr  word  pvahead,  namely  sync  bits  and  parity.  Sync  bits  are  required  because  the  standard  is  asyn¬ 
chronous.  The  parity  bit  is  odd  parity,  meaning  that  there  must  be  an  odd  number  of  logic  I's  in  the  last 
17  bit-times  of  the  wad  (does  not  include  sync  bit-times).  If  bits  4  to  19  have  an  even  number  of  1  then  the 
parity  bit  is  set  to  1  to  make  an  odd  number  of  I's.  Otherwise,  it  is  set  to  0. 

In  figure  6-3.  the  command  word  has  a  S-blt  Held  for  an  RT  address.  This  allows  32  addresses.  One  of  these 
addresses,  31,  is  reserved  as  the  broadcast  address,  an  address  that  all  RTs  should  recognize  (but  not  return  a 
status  fa).  The  transmit-receive  (T/R)  bit  is  set  to  1  if  the  RT  is  to  transmit  and  to  0  if  the  RT  is  to  receive. 
The  subaddress/mode  field  is  5  bits  long.  Addresses  0  and  31  Indicate  that  a  mode  code  will  follow  In  the 
next  S  bits.  That  leaves  30  addresses  (1  to  30)  for  subaddresses.  If  the  subaddress/mode  field  is  1  to  30,  then 
the  next  S-bit  field  of  the  command  wad  indicates  the  number  of  data  words  expected  to  be  in  the  message. 
If  the  subaddress/mode  field  is  0  or  31.  then  these  S  bits  are  a  mode  code.  A  mt^e  command  is  a  diagnostic 
or  hardware  override  command.  It  allows  actions  like  changing  the  bus  controller,  initiating  self-tests,  and 
override  transmitter  shutdown.  A  complete  list  is  found  in  MIL-STD-1SS3. 

The  status  word  bits  4  to  8  hold  the  address  of  the  RT  transmitting  the  status  word.  Bits  9  to  19  indicate 
various  error  conditions  and  are  set  to  0  unless  an  error  condition  is  seen.  Action  taken  by  the  BC  on  receipt 
of  error  bits  set  is  system  dependent 

The  sync  bits  take  up  3  bit-times,  but  there  is  only  one  transition  during  that  time.  From  the  previous  discussion 
of  Manchester  n  biphase  encoding,  this  single  transition  is  illegal.  Remember  that  biphase  requires  at  least 
one  transition  each  bit-time.  This  makes  it  easy  to  determine  what  part  of  a  message  is  a  sync  pattern.  Note 
in  figure  6-3  that  though  there  are  three  types  of  words,  there  are  only  two  types  of  sync  bits.  Command 
and  status  words  have  a  high  to  low  transition  in  the  middle  of  the  sync  time,  and  data  words  have  a  low  to 
high  transition. 

The  only  way  to  tell  whether  a  word  is  a  command  word  or  a  status  wad  is  if  the  instrumentation  bit  is  used. 
The  instrumentation  bit  it  always  1  in  the  status  word  and  that  bit  position  (bit  10)  is  always  0  in  tlic  command 
word.  Note  that  mandating  bit  10  to  be  0  in  the  command  word  reduces  the  subaddresses  horn  32  to  16  (5  bits 
to  4  bits).  For  this  reason,  most  installations  do  not  use  the  instrumentation  bit.  This  is  unfortunate,  because 
recovery  from  anomofous  bus  condittons,  as  well  as  bus  monitoring,  is  made  more  difficult. 

6JS.1.7  Busmaasageformafa 

Figure  6^  shows  the  different  types  of  bus  message  formats.  A  thorough  study  of  this  chart  will  clarify 
MIL-STD-15S3  bus  message  transactions.  Note,  as  stated  earlier,  that  the  bus  activity  always  starts  with  a 
command  from  the  BC,  and  that  the  first  wad  from  the  addressed  RT  will  always  be  a  status  word.  If  data  is 
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sent  from  the  BC,  the  data  words  foUoW  the  command  word.  Ihe  RT  will  receive  the  words  before  responding 
with  a  status  word.  If  the  BC  is  requp^ng  data  to  be  transmitted  from  the  RT  to  the  BC.  then  the  data  from 
the  ^  fpllotvs  its  status  weird. . 
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Figure  6-5.  Bus  message  formats. 


If  the  BC  Initiates  a  transfer  from  one  RT  to  another  RT,  then  the  message  is  more  complicated.  The  BC  sends 
two  command  words;  the  first  to  set  one  RT  to  receive  data,  and  the  second  to  set  another  RT  to  send  data. 
Hien,  the  sending  RT  sends  its  status-data  stream  on  the  bus.  where  the  receiving  RTF  accept  it.  When  the 
trtmsfer  is  complete,  the  receiving  RT  sends  its  status  word  on  the  bus. 

MODE  Comnumds  set  RT  hardware  and  may  or  may  not  involve  a  data  word. 

Broadcast  modes  are  not  illustrated  as  they  are  very  seldom,  if  ever,  used.  U.S.  Air  Force  Notice  1  prohibits 
the  use  of  brobdeast  modes  on  ail  U.S.  Air  Force  aircraft.  The  broadcast  mode  allows  a  BC  to  send  a  message 
that  will  be  received  by  all  RT’s  and  expects  no  status  word.  (Since  all  RT’s  receive  the  message,  which  would 
respond?  Only  one  can.)  It  is  inadvisable  for  a  command-response  system  to  allow  a  command  only  bus 
transaction. 

An  RT  must  keep  track  of  messagtis.  It  can't  Just  trigger  on  a  command  word.  The  RT  has  no  way  of  differen¬ 
tiating  between  a  command  word  and  a  status  word,  unless  the  instrumentation  bit  is  used,  which  is  seldom. 
This  is  an  Important  con^deradon  in  bus  monitors.  If  bus  monitors  are  trying  to  pull  data  off  the  bus  and 
not  just  record  every  bit  tran^tion,  then  they  must  pay  particular  attention  not  only  to  what  are  expected  to 
be  command  tii/ords,  but  also  to  Ont  oontenis  of  status  word  error  codes.  Then  bus  monitors  know  whether  an 
expected  data  transfer  is  going  to  complete. 
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&5.U  MIt^STD-lS53ilotice« 

The  1SS3  itandihl  hiu  been  revised  in  the  form  of  “Notices.”  Notices  can  be  thought  of  as  implementation 
pracdces  desired  dr  mandated  by  ieertidh  digaidiations.  blotice  1  putt  several  Umititioiis  on  the  MIl>STb- 
1SS3B  standaidi  Whereas  the  standard  permits  switching  of  e  bus  controller  (by  use  of  a  mode  command), 
Nodpe  1  does  not.  The  standard  ddines  a  broadcast  mode:  Notice  1  says  not  to  use  it  Ihe  standard  allows  a 
;slngle  bus.  or  multiple  mdundaat  buses;  the  Notice  specifles  tlut  all  Implententttions  shall  be  dual  redundant. 
The:Notice,alao  points  out  the  dUtbrences  between  MILrSTD>lSS3A  MIL>STD-1SS3B  and  t^difons  cable 
charact^stjca  (impedance  and  8hteh4ei)» 

There  is  a  Notice  2  that  forther  deflnes  some  timing  variables  implied  within  the  standard,  Options  are  described 
in  the  area  of  status  word  bits,  mode  codes,  data  bus  redundancy,  and  coupling  techniques.  Notice  2  is  generally 
observed  outside  the  U.S.  and  is  reflected  in  STANAO  3838,  which  is  a  NATO  document  that  Includes  1SS3 
within  it 

6di.l,9  Design  dps  for  MIL-STD>1553. 

When  any  standard  has  different  versions,  some  level  of  incompatibility  is  introduced.  This  is  the  case  with 
the  two  prevalent  1S53  standards:  M1L-STD-1SS3A  and  M1L-STD<1SS3B.  Another  version  that  differs  from 
both  the  A  and  B  revisions  is  found  on  some  aircraft,  notably  the  McDonnell  Douglas  F>18  aircraft.  In  flight 
test  instrumentation  work,  where  retroflttlng  and  multiple  aircraft  types  are  Instrumented,  an  understanding 
of  the  potential  problems  (pitfalls)  in  mixing  different  revision  compliant  equipment  is  important  The  most 
common  difference  is  in  expected  response  time  after  a  message  is  passed. 

It  is  extremely  important  for  a  flight  test  Instrumentation  engineer  to  understand  the  limitations  of  the 
MIL-STD<1353  data  bus.  There  are  classes  of  signals  that  are  considered  Inappropriate  for  1SS3  commu¬ 
nications.  These  ate: 

1 .  High  signal  bandwidth  data  (single  signals  above  400  Hz)  like  PM  and  video. 

2.  Signals  used  to  control  startup  of  the  system  prior  to  initialization  of  the  1553  system. 

3.  Backup  signals  that  are  required  for  safety  of  flight  if  complete  1553  system  failure  occurs. 

The  most  Importantof  these  classes  from  a  flight  test  instrumentation  (FTI)  engineer’s  standpoint  is  high  signal 
bandwidth  data.  In  fii^t  research  work,  highly  regular,  high-data-rate  requirements  do  not  work  well  when 
passed  through  a  1553  bus. 

Many  flight  test  activities  involve  development  of  avionics  systems.  In  these  tests,  it  is  Important  to  analyze 
all  of  the  bus  activity,  including  the  timing  and  message  gaps.  This  generally  cannot  be  done  In  real  time,  so 
a  requirement  for  recording  the  bus  trafflc  it  generated.  Unfortunately,  the  protocol  used  effectively  to  pass 
messages  on  the  bus  presents  difficulties  in  data  analysis.  Remember  that  the  analyst  nuty  be  Interested  in  more 
than  the  contents  of  the  data  packets.  A  way  must  be  found  to  encode  the  bus  timing  Inlbrmadon  as  well  as  the 
data.  A  Airther  complication  is  that  the  l-Mblt/sec  1553  data  rate  is  too  fast  for  most  conventional  recording 
mechanisms.  Also,  as  many  as  six  separate  1553  data  buses  must  be  recorded.  A  variety  of  recording  tech¬ 
niques  have  been  developed.  The  most  common  technique  is  called  track  splitting.  A  single  stream  coming  in 
from  a  1553  biu  is  split  across  several  tracks,  allowing  the  bit  rate  of  each  tape  channel  to  be  reduced.  However, 
this  technique  requires  several  decommutators  to  reconstruct  the  original  data  flow  from  one  data  bus,  and  if 
one  tape  track  has  problems,  it  affects  the  who!?  message.  Use  of  new  wideband  tape  recorders  allow  a  single 
1553  bus  data  flow  to  be  recorded  on  one  tape  track.  Tb  facilitate  data  extraction  from  the  tape,  it  is  a  common 
practice  to  synchronize  the  data  before  it  is  recorded.  This  is  accomplished  by  creating  a  data  stream  that  has 
no  “inactive”  dine  and  includes  synchronization  words.  In  some  systems,  timing  checks  are  done  on  the  bus 
and  illegal  sepalrations  or  other  bus  errors  cause  error  words  to  be  set  and  recorded  on  tape  along  with  the  data. 
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During  bus  inactive  timet,  dummy  words  ue  recorded.  The  advantage  is  that  standard  QUO  decommutators 
can  be  used  to  extract  the  information.  Even  though  QUO  PCM  formats  are  used,  computer  analyris  must  be 
done  to  datennine  what  4ata  ate  titete  (a  particular  parameter  cannot  be  Identifled  by  its  position  in  the  ficame). 
The  1353  copnundi  must  be  (uctutined  to  see  udtat  the  oonteato  of  the  1533  frame  represent 

If  tile  dsta  biis  is  suflldentiy  udbided  measa^  font  compared  to  the  total  amount  of  time  available), 
then  iisingl  firit  in, 'first  out  (PfiPO)  buffisa  can  allow  the  use  of  lower  tape  recording  speeds.  During  foil 
bandwidth  activity,  the  POO  is  flU^.  The  FIFO  empties  at  a  lower  speed  onto  the  tape.  As  Icing  as  the  FIFO 
dries  not  overflow,  foe  mpe  will  receive  a  steady  tir^  of  data.  If  the  FTO  empties,  then  dummy  words  are 
put  on  the  tape  to  fill  out  the  time.  In  mote  sophisticated  versions,  time  tagging  and  parameter  identiflCation 
'ate  aisO'arided,c 

6,SaaO  MIL-STD*1773aiidSX4NAG 

The  MIL-tiTD-1773  can  be  thought  of  at  an  optical  version  of  MIL-STD-1553.  Message  handling  it  based  on 
the  same  standards,  but  optical  instead  of  electrical  transmission  it  used. 

As  demand  for  dau  transmission  in  excess  of  1  Mblt/sec  Increases,  other  data  bus  techniques  are  being  looked 
into.  The  STANAO  3910  describes  tite  characteristics  and  requirements  of  a  high-speed  data  bus  with  op¬ 
tions  for  the  trantmittion  medium  and  controlling  mechanism.  For  example,  an  implementation  of  STANAG 
3910  might  include  a  high-speed  optical  but  for  high-speed  data  transmission  as  well  as  a  conventional  1553 
l-Mbit/sec  data  bus  (STANAO  3838)  for  control  of  the  high-speed  bus  data  transmissions.  The  high-speed 
but,  running  at  20-Mbit/tec  with  4096 16-blt  words/data  packet  is  controlled  by  the  l-Mbit/sec  conventional 
1SS3  bus.  This  hybrid  approach  lowers  the  risk  of  adopting  a  completely  new  control  protocol  over  the  hlgli- 
speed  bus.  Figure  6-6  shows  part  of  the  scheme.  The  high-speed  bus  can  be  thought  of  as  an  add-on  “dumb” 
bus.  The  low-speed  3838  but  huulles  the  conventional  data  transactions  and  controls  data  transfers  on  the 
hltfo-speed  but.  This  kind  of  bus  architecture  is  planned  for  use  in  the  European  tighter  aircraft  (EFA). 
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63 J  ARINC  419/429/629 

Aejronautlcai  Radio,  Inc.  (ARINC),  Annapolis,  Maryland,  publishes  the  ARINC  speciflcatlons  for  use  on  civil 
aircraft.  There  arc  many  ARINC  specifications  addressing  all  areas  of  information  transfer  between  both  analog 
and  digital  avionic  devices. 

63J.1  ARINC  419 

The  ARINC  Spedfloation  419,  “Digital  Data  System  Compendium,”  is  a  catalog  of  several  digital  data  trans¬ 
mission  systems  used  in  the  early  days  of  digital  avionics.  The  ARINC  419  is  a  non-self-clocking  signal  of 
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&5a2  >  ASQ(C  429 

The  ARINC  I^Mdflealioa  429.  *l4atk  32  Digital  Infonnation  Ihutslhr  Syitem  (DirS),**  addreues  the  need 
Ibi'  igeheMUy  qipUcable  digital  htformatido  traiufer  ayiteiii  having  capabilltlet  not  provided  Ibr  in  ARINC 
419.  The  ipedtottofl  drtwa  from  the  experience  gained  from  prq>aring  the  ARINC  419  ipeoiflcatlon,  but 
it  diidnct  from  it  R  wai  flrat  adopted  by  the  Airllnei  Electronic  Engineering  Committee  in  1977  and  has 
undeigone  at  least  niim  mvliioni  (r^  20). 

The  ARINC  Specification  429  describes  a  serial,  digital  data  exchange  between  a  transmitter  and  one  or  more 
receiveiii.  The  data  tranate  is  unidinctlonal  and  open  loop,  meaning  that  no  intrinsic  receiver  acknowledge  is 
rettillfed  by  the  transmitting  device.  This  unidirectional  j^nt-to-polnt  transfer  makes  ARINC  429  not  really 
a  ‘Ires'*  in  the  accQtted  sense  of  die  word  (see  sec.  6.5).  but  is  nevertheless  referred  to  as  the  “ARINC  429 
databus." 

Data  are  transmitted  from  a  designated  output  port  over  a  single  twisted  and  shielded  pair  of  20-  to  26>gauge 
wires  to  a  receiver  or  group  of  receivers  (unidirectional).  Bidirectional  data  flow  is  not  permitted  on  a  given 
pair.  Ihe  signal  is  trilevel.  A  logic  “l.“  or  “Hi,“  is  transmitted  as  -t-lO  V  for  the  first  half  bit-time  and  a 
logic  ‘X).“  or  *10.“  is  transmitted  u  -10  V  fbr  the  flnt  half  blt-dme.  The  second  half  blt-dme  in  all  cases 
is  0  V.  or  *%ull.“  nils  coding  is  called  retum-to-zero  (RZ)  bipolar  moduladon  and  is  very  easy  to  decode 
from  osclUosoope  traces.  See  figure  6-7  tor  a  coding  example  ^  figure  6-8  for  transmitter-receiver  voltage 
tolerances. 
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Figure  6-7.  Bipolar  RZ  coding. 


+10  V 

ov 

•10  V 


LoolQ  0  I  4.10  V 


r* — t — 

Lpi 

I— J  I  .10V 


t  •  10  MMO  at  lOMMt/nao  rata 
t  a  83  to  70  Mfoo  for  12*  to  l44M(l>lt/aao  rata 


+10V 


OV 


-10  V 


TranamHtar  output  atataa  Raoalvar  input  atntaa 

+13  V 

•Ui.5V 

+2.SV 
2.5  V 
•6J  V 
-13  V 

(lOTH 


+11  V 
+  8V 


.40.6  V 
-OJV 


Figure  6-8.  The  ARINC  429  bit  timing  and  signal  levels. 
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tub  Mfial  data^an  packbgad  iato  32-Mt  wcicdi^  iaoludlAg  an  odd  parity  bit,  an  8-bit labd,  and  Up  to  21  biu 
of  data,  as  well  at  mltoeUaaeou&  bits.  Some  bit  positions  may  not  be  Used  and  thbiild  be  Ailed  with  logic 
‘K).**  Each  word  is  followed  by  at  least  4  bit-time  nulls  (0  V).  Words  are  transmitted  asynchronously;  that 
Is.  there  It  no  spedAed  Aming  relationship  between  ARINC  429  words  other  than  retjuirlng  the  minimum 
4  bit-time  sepatiniott.  Synchronizatlott  it  achieved  by  sensing  the  transition  of  each  word'a  Arst  bit  In  RZ 
cpdpig,  there  will  always  be  two  trpniitions/bit  time.  Words  can  be  spaced  at  for  apart  at  implemenution 
up^te  rmes  require,  wlfo  pedops  of  deaddme  on  the  bus.  Any  status,  acknowledgment  or  command-response 
requUed  by  the,tran|ffllttlng  rteytce,^^  r^ver  must  be  returned  on  a  separate  ARINC  429  data  bus  as 

Labels  are  usually  expressed  in  octal  form.  The  meaning  of  each  label  and  the  scaling  of  the  corresponding  data 
ate  completely  specif  by  ARINC  429-  It  is  unlike  M1L-STD-1SS3  which  docs  not  specify  contents  of  mes¬ 
sages,  only  the  (bysical  srirlng  link  and  message  transport  protocol.,  One  cpnAitlng  aspect  of  the  ARINC  429 
speclAcatioftit  thatthere  ate  Aequentiy  many  deAnlAons  for  the  tame  label.  There  are  diffoient  types  of  avionic 
equipment  (navig^n,  alrdaln,  and  to  forth),  each  requiring  its  own  set  of  information.  Bach  type  of  informa¬ 
tion  it  pass^  on  a  different  bus.  So  different  information  using  the  same  labels  does  not  appear  on  the  same 
bus,  unleu  part  of  the  data  Aeld  is  used  to  provide  an  equipment  IdentlAer.  These  different  label  deAnlAons  are 
defined  undtf  different  ARINC  characterlsAc  numbers  such  u  ARiNC  575  for  alrdata  parameters  and  ARINC 
704  for  inerAal  data.  ' 

The  data  Aeld, of  die  ARINC  429  word  can  be  a  0oup  of  discretes,  a  coilecAon  of  binary-coded  decimal  (BCD) 
numerals,  or  a  binary  two's  compleinent  number.  The  BCD  values  typically  represent  a  keyboard  entry  and 
have  a  very  low  data  rate  (maybe  twlce/sec),  or  one  Arne  only.  Parameters  using  Aie  binary  representaAon 
have  a  Ax^  range  and  use  fracAonal  representaAon.  (The  largest  number  represented  is  one  least  signlAcant 
bit  (LSB)  leu  than  the  number  one.)  Figure  6-9(d)  shows  an  example  of  Aie  binary  format  Note  Aut  the 
number  of  bits  in  a  word  affects  only  the  resoluAon  of  Aie  dafo,  not  Are  range,  which  is  Axed  by  ARINC  429 
speclAcaAon  for  each  parameter.  Figure  6-9  shows  examples  of  some  ARINC  word  formats.  The  order  of 
the  label  bit  Aeld  is.reversed  from  Are  order  of  Are  data  bits.  This  reversal  is  confusing  for  decoders  of  raw 
ARINC  429  data. 


6-n 

’^le  6-3  itews  tlw  moaoliig  of  itae  SSM  flekU.  Tliete  ate  conventioiu  ftar  the  dincttoul  lenie  of  parameten. 
the  A|UNC  bit  29  U  the  aiga  bit  of  the  two'a  oompkmeet  numbeti  In  that  aeaae,  it  la  coaventional  in  computer 
iiOfflei)olatiitetocaIlit^MSBofthettunjher,aadiiotblt28MtfaeARINCi|)eciflcetlonrefiBntoit  Note.lhiin 
(a)  in  the  table  that  a  ‘‘weat"  ditection  leoie  la  equivalent  to  a  “minua**  number.  Thua,  hte  two'a  complement 
binary  representation  of  1 17^  west  longitude  would  be  - 1 17.  When  BCD  or  discrete  data  is  represented,  bits 
30  and  31  are  used  for  status,  but  bit  29  is  not  used  for  a  sign  (table  6-3(b)). 


Ibbleb-S.  Slga>status  matrix. 
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The  source*destination  Indicator  (SDl)  field  is  used  to  identify  what  devices  information  is  coming  from  or 
going  to.  This  is  generally  used  to  dlffMentiate  between  like  parametett  with  the  same  label.  If  an  avionics 
system  has  three  inertial  reference  units  attached  to  the  same  control  panel,  receipt  of  the  appropriate  SDI  code 
by  the  IRU’s  from  the  control  panel  assures  it  that  the  controlling  Infbrmatlon  it  for  that  IRU.  So,  a  navigation 
computer  receiving  informatiott  from  the  three  IRU’s  can  tell  which  unit  sent  which  information  by  examining 
the  SDI  field  of  the  parameter.  Ibble  6-4  Illustrates  the  typical  definition  of  the  SDI  field. 


Thble6-4.  Source-destination  Indicator  (SDI). 
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In  some  cases,  the  SDI  bits  are  not  used,  and  that  field  is  an  extension  of  the  data  field  where  more  precision 
is  required.  Using  this  technique,  up  to  21  bit  numbers  can  be  represented  in  one  ARINC  429  word  (20  bits 
plus  sign). 

Although  each  ARINC  word  is  defined  in  the  specification,  there  is  nothing  to  prevent  a  departure  from  the 
specification  to  define  labels  and  data  contents  for  custom  applications.  The  ARINC  429  physical  and  data 
link  layers  (wiring  and  message  protocol)  of  foe  specification  could  still  remain  intact.  This  is  sometimes  done 
in  (light  test.  The  X-29  aircraft  flight  control  system  uses  a  triple  redundant  ARINC  429  bus  that  does  not 
conform  to  specification  definitions  of  labels  and  data  contents. 

Although  the  ARINC 429  word  is  32  Nts,  it  does  not  conveniently  break  down  into  byte  size  or  1 6-bit  groupings 
in  the  order  that  the  ARINC  bits  are  sent  Some  ARINC  transceiver  circuits  regroup  the  bits  in  a  more  computer- 
logical  sequence  (fig.  6-10  and  ref.  21).  Note  that  foe  data  bits  are  contiguous  and  most  significant  justified 
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in  data  wonl  twa  tlie  lower  reidlutioa  data  Uls  can  be  linked  together  fitom  the  ihoat  significant  bits  of  data 
word  one  onto  data  wtxd  twa^^  Utod  has  been  turned  aniind  so  tluit  its  MSB  is  on  the  nwst  tognifictoit 
end  of  die  second  84>it  byte  of  data  word  me.  The  misodlaneous  P  and  SSM  bits  an  put  in  die  temtoning  bit 
.positions.  ■  .  . 


TV/o  data  rates  an  specified  in  ARINC  429:  100  kbit/sec  and  12  to  14.S  kbit/sec.  These  rates  an  called 
hl^-speed  and  low-speed  operation,  respectively.  It  is  mon  accurate  to  expnss  these  rates  as  83-  to  70-/isec 
bit-tlooM  and  10-/isec  bit-tlines.  respectively,  because  the  bit  stream  is  not  continuous.  These  rates  an  one  and 
two  orders  of  ma^tude  less  than  MIL-STD-1SS3  data  rates.  Civil  avionics  data  do  not  typically  require  high- 
sampling  rates.  Its  flexibility  and  peribrmance  priorities  are  difTennt  than  the  military  requirements  leading  to 
the  formation  of  MIL-STD-1SS3.  The  hlidtest  transmitting  rate/label  specified  by  AMNC  429  is  64  tlmes/sec. 
A  few  calculations  show  that  it  is  impossible  to  send  a  data  stnam  consisting  of  all  256  possible  labels,  each 
at  64  samples/sec.  Usually,  only  a  subset  of  labels  is  sent  at  mixed  sampling  rates  (64, 32, 16/sec). 

At  12.5  kbit/sec,  many  flight  test  organizations  have  designed  receivers  that  use  generic  8-blt  microprocessors 
to  software  decode  the  ARINC  429  signal.  Examples  are  given  in  reference  8.  At  100  kbit/sec,  it  is  preferable, 
though  somewhat  expensive,  to  use  avtdlable  special-purpose  ARINC  transceiver  integrated  circuits  or  hybrids 
for  this  “feont  end”  task. 

The  impedance  of  an  ARINC  429  transmitter  is  approximately  75  ohms,  not  considered  critical.  There  Is  no 
specific  length  spedfication.  The  receivers  exhibit^  12000  ohms  resistance.  No  more  than  20  receivers  should 
be  connected  to  one  transndtter.  Shield  grounding  should  be  done  at  both  ends  of  a  cable  run.  Figure  6-11  is 
a  diagram  of  input-output  circuit  standards. 
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Hie  DAIAC  bus,  developed  at  Boeing  (Seattle,  Washington),  is  a  general-purpose  data  bus  clocked  at  1  MHz. 
It  utilizes  twisted  pair,  unshielded  wire.  Subsystems  interface  to  it  by  transformer  coupling.  The  transformer 
core  is  woven  into  the  wire  (one  primary  turn)  nonlntrusively,  so  the  bus  wire  need  not  be  broken  to  attach  a 
new  device  (fig.  6-12).  The  bus  uses  current  mode  transfer,  and  can  be  either  synchronous  or  asynchronous. 
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Figure  6-12.  The  ARINC  629  (DATAC)  bus  coupling. 


The  NASA  Langley  Research  Center  is  using  this  bus  on  a  Boeing  737  project  to  pass  information  on  naviga¬ 
tion,  flight  control,  display,  and  data  subsystems.  Ihe  bus  is  used  synchronously  (mode  C)  to  make  predictable 
time  frames  for  passing  data.  All  subsystems  are  “master”  in  that  each  send  data  to  the  bus  without  arbitration. 
The  clock  master  sends  a  signal  on  the  bus  to  start  a  frame.  The  other  subsystems  are  preset  to  look  for  a  spec¬ 
ified  “bus  quiet”  (but  inactivity)  before  sending  flieir  data.  Each  has  a  different  lengA  of  time  to  wait.  Then, 
each  will  insert  data  in  the  order  of  increa^ng  bus  quiet  The  subsystems  are  not  allowed  to  send  data  more 
than  once/frame.  The  amount  of  data  sent  by  each  terminal  may  vary  (it  is  fixed  on  the  737  system)  provided 
it  will  fit  in  the  frame  time  (with  the  other  terminals’  data).  Since  the  frame  rate  is  constant  (it’s  controlled  by 
the  PCM  encoder),  the  overall  data  are  delivered  synchronously  (regularly).  The  PCM  system  oversamples  (at 
five  times  flie  rate  of  the  DATAC  frame)  to  allow  it  to  flt  into  the  DATAC  frame.  The  DAS  is  a  DATAC  bus 
monitor  that  sees  olf  of  the  data  on  flie  bus.  but  only  passes  along  the  data  which  was  specified  as  desirable. 
The  PCM  encoder  rate  used  on  this  project  is  11.5  Kword/sec. 
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With  the  PCM  encoder  sampling  at  five  times  the  DATAC  bus  frame.  PCM  fimnes  2  to  5  are  not  used.  This 
may  seem  a  waste.  But  if  taken  to  the  limit,  with  the  PCM  encoder  sampling  infinite  times  ea^  DATAC  bus 
frame,  simultaneous  sampling  is  achieved.  Or  no  time  skew  occurs  between  the  first  data  sampled  and  the 
last  Five  times  is  not  infinite,  but  the  dme  skew  is  five  dines  better  than  data  sampling  spread  across  an  endre 
DATAC  bus  frame. 

In  figure  6-13,  the  PCM  sampling  accounts  for  only  175  of  the  DATAC  frame  dme.  The  second  2/S’s  is 
reserved  for  DATAC  samples,  with  the  remaining  2/S‘s  reserved  for  DATAC  engineering  unit  values.  The 
engineering  unit  information  is  delayed  by  one  DATAC  frame  to  allow  the  system  time  to  calculate  from  the 
DATAC  samples. 

The  DATAC  bus  provides  an  easy  way  to  read  informadon  from  flight  control,  navigadon,  pilot  display,  and 
data  acquisidon  (TCM  encoder)  systems,  while  eliminadng  synchronizadon  problems  encountered  with  other 
bustec^ques. 

The  data  acquisidon  subsystem  (PCM)  terminal  provides  the  master  clock.  If  this  clock  fails,  a  bus  monitor 
subsystem  provides  the  clock.  If  that  subsystem  Mis,  the  bus  reverts  to  mode  A  (which  means  asynchronous), 
where  each  subsystem  provides  its  own  clock.  Bven  in  this  mode,  no  bus  crash  is  possible  because  of  the  bus 
quiet  check.  The  bus  would  still  condnue  to  funcdon,  but  some  element  of  synchronism  would  be  lost  because 
of  drift  between  clocks. 

Boeing  Commercial  plans  to  use  the  DATAC  bus  for  their  standard  bus  architecture. 

6S3  H009 

The  H(X)9  is  a  forerunner  of  the  MIL-STD-1S53  data  bus  used  on  the  P-IS  aircraft.  Like  the  1553  data  bus, 
it  has  a  l*Mbit/sec  data  rate.  Unlike  the  1553  data  bus.  the  H009  has  a  bit  clodk  line  as  well  as  the  data  line. 
These  two  lines  are  phase  related.  A  logic  1  is  interpreted  when  the  bit  clock  line  and  the  data  line  are  in  phase 
and  a  0  occurs  when  they  arc  out  of  phase  (fig.  6-14).  Tight  tolerances  on  skew  make  this  a  difficult  bus  to 
interface  to. 


Bit  clock 


Figure  6-14.  The  H009  bus  waveform. 
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Gkiiicral'Plirpote  Data  Bum 
6j6.1  1^232/422/423/449 

These  “staadatds**  (thefe  is  very  little  standard  in  die  use  of  these  data  links)  have  been  around  for  many 
years.  The  RS>-232  ivtis  develops  primarily  td  define  a  link  between  data  terminal  equipment  (DTB)  and  data 
communication  equipment  (DCB).  A  DTE  is  a  device,  like  a  computer  or  video  display  terminal  (VDT).  A 
DCE  is  usually  a  modem  (ref.  22).  Figure  6-lS  shows  a  basic  data  communications  hookup,  with  the  standard 
names  for  die  components. 
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Figure  6-lS.  Basic  data  communications  system. 


Because  the  data  transmission  uses  a  very  simple  asynchronous  serial  technique,  large-scale  integration  (LSI) 
components  were  developed  early.  Many  liberties  have  been  taken  in  using  it  for  purposes  other  than  its 
original  Intendon.  Eveiy^ng  from  voltage  levels  and  connector  genders  to  code  contents  have  been  altered 
to  pass  data  from  one  device  to  another.  Also  in  figure  6-lS,  note  that  the  lines  connecting  DTB  to  DCE 
deuces  have  boxes  labelled  “M”  and  “F."  These  boxes  show  the  gender  of  the  connector  as  specified  in  the 
standard.  In  the  standard,  DTB  devices  are  to  be  equipped  with  male  connectors  (M)  and  DCE  devices  should 
have  female  connectors  (F).  This  standard  is  gently  followed  for  DCE  devices  like  modems,  but  is  often 
disregarded  for  DTB  devices  where  botti  male  and  female  connectors  are  found.  This  has  caused  unending 
confusion.  As  all  signal  lines  are  point  to  point,  and  signals  flow  only  in  one  direction,  the  connector  pins 
transmuting  fiom  the  DCB  must  be  rtceivtd  by  die  DTE,  and  conversely.  So  the  signal  (Unction  definitions 
are  tied  to  the  connector  gendtr.  If  tlds  standard  were  followed,  it  would  be  obvious  how  to  connect  equipment 
together:  female  connectors  connect  to  male  connectors.  The  standard  is  often  disregarded  or  not  understood. 
Therefore,  a  carefUl  look  at  the  electrical  definition  of  each  device’s  pin  is  necessary  to  ensure  compaflbility. 

Figure  6-16  shows  the  voltage  levels  specified  in  RS-232  transmissions.  Note  that  typical  voltages  expected 
are-fl2Vand-l2V,  The  d:  25  V  in  the  figure  rejxesents  the  maximum  unloaded  source  voltage  range.  Often, 
particularly  in  battery-operated  applications,  voltages  of  ±  9  V  are  used.  Many  times  the  input  thresholds  do 
not  strictly  match  the  RS-232  standard  ranges,  and  an  input  expecting  12  V  will  not  recognize  a  9-V  input. 
Problems  are  avoided  if  commercial  integrated  circuits  designed  spedflcally  for  RS-232-C  interfacing  are  used. 
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Figure  6-16.  The  RS-232-C  voltage  levels. 


The  R8-232-C  standard  does  not  address  the  type  of  data  encoding  that  takes  place.  It  specifies  pin  numbers 
and  genders,  signal  voltage  levels,  and  communication  channel  handshaking,  but  not  coding  of  data.  The 
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ANSI  X3.16  (ref.  23)  defines  a  bit-sequential,  orseriai-by-bit,  transport mechanism  forexchanging  data.  Ihig 
transport  mechanism  (use  of  start  bits,  stop  bits,  parity)  can  be  used  to  pass  any  binary  data.  The  ASClf 
(American  Standard  Code  for  Information  Interchange)  code  is  the  most  common  data  code  found  on  RS-232-C 
lines.  This  7-bit  code,  agreed  on  by  both  the  CCITT  and  ISO  international  organizations,  can  be  found  in 
reference  24.  The  8-bit  versions  are  becoming  mote  popular,  and  variations  allow  for  international  character 
sete  (fig.  6-17).  Tliis  code  is  designed  to  send  alpha-numeric  characters  that  are  commonly  found  in  text  files. 
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Figure  6-17.  Examples  of  bit-sequential  ASCII. 


The  figure  shows  formats  for  transmitting  data  by  way  of  bit  sequential  ASCII  code.  The  formate  begin  with 
a  “start”  bit,  which  is  a  1  bit-time  “space.”  The  next  7  or  8  bite  contain  data,  least  significant  bit  (LSB)  first, 
followed  by  a  "parity"  bit,  if  desired.  The  parity  bit  is  a  quality-of-data  check  based  on  the  number  of  I’s  in 
the  data  Held.  If  an  odd  parity  is  desired,  then  the  parity  bit  is  set  to  1  provided  the  number  of  1  *s  in  the  data 
field  is  even.  (This  makes  the  total  number  of  I’s  in  the  data-parity  field  odd— even  number  plus  one  is  an 
odd  number.)  If  even  parity  is  desired,  then  the  parity  bit  is  set  to  1  provided  the  number  of  I’s  in  the  data 
field  is  odd.  (This  »naki».«  the  total  number  of  I’s  in  the  data-parity  field  even — odd  number  plus  one  is  an  even 
number.)  The  transmitter  and  receiver  must  be  matched  in  the  type  of  parity  used  to  avoid  error  reports. 

In  figure  6-17(f),  a  sequence  of  two  serial  ASCII-encoded  characters  are  shown  using  odd  parity.  The  letter 
“A”  has  two  1  's  in  it,  so  the  parity  bit  is  set  to  make  a  total  of  three  1  's  (three  is  an  odd  number).  The  letter  “C” 
has  three  I's  in  it,  so  the  parity  bit  is  not  set.  Three  is  already  an  odd  number  and  requires  no  “help”  from  the 
parity  bit 

The  minimum  number  of  stop  bite  required  is  usually  either  one  or  two.  A  stop  bit  is  merely  dead  time,  or 
the  time  after  one  character  is  sbnt  and  before  the  next  one  starts.  This  means  that  the  serial  ASCII  coding 
is  asynchwnous.  Each  character  stands  on  iis  own,  with  an  arbitrary  time  between  them.  The  need  for  this 
is  obvious.  A  typist  entering  text  on  a  keyboard  usually  docs  not  type  in  regular  keystrokes.  Time  between 
keystrokes  is  random. 

In  the  author’s  opinion,  the  best  format  is  the  one  shown  in  figure  6-17(d)  (8  data  bit,  no  parity,  1  stop  bit).  A 
parity  bit  is  generally  not  meaningful  as  most  software  does  nothing  with  the  information.  This  format  allows 
for  receiving  data  sent  by  figures  6-17(a),  (b),  or  (d)  (both  the  parity  bit  flx>m  (a)  and  the  first  stop  bit  of  (b) 
masquerade  as  another  data  bit  in  (d)).  It  also  allows  for  sending  8-bit  binary  data. 
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Besides  the  expected  confusion  as  to  whether  any  two  RS-232  devices  can  cominunicate  with  each  other,  a 
serious  Umitadon  of  RS-232  is  the  line  length.  Adhering  strictly  to  the  standard.,  line  lengths  should  be  no 
longer  than  30  ft  It  is  posrible  to  extend  this  lengdi  by  a  considerable  distance,  though  not  recommended. 
As  a  s<  igie-ended  tas  opposed  to  differential)  bus,  long  transmission  lines— particularly  aboard  an  aircraft- 
make  it  vulnerable  to  common  mode  problems.  The  longer  the  cable  length,  the  lower  the  acceptable  data 
rate.  Ko  specific  rates  are  called  for  in  the  RS-232-C  stan^rvd.  Traditionally,  RS-232-C  data  rates  ate  one 
cf  the  following  (rates  arc  in  baud):  110, 300, 600, 1200,  V  ,  4b(X),  96(X),  and  19200.  A  houd  is  a  unit  of 
information  transfer  rate,  this  is  often  confused  with  bit  rate.  Often,  the  two  are  interchangeable.  Bit  rate 
refers  10  the  number  of  binary  diffits/sec  that  ate  being  transmitted.  Baud  rate  refers  to  the  communication  rate 
or  the  number  of  discrete  conditions  or  rignal  eventa/sec.  In  some  cases  the  bit  rate  is  much  higher  than  the 
baud  rate.  Suppose,  for  Instance,  that  at  any  given  time  two  bits  of  information  can  be  observed.  One  bit  is 
contained  in  the  frequency  of  the  signal  and  the  other  bit  is  contained  in  the  phase.  Suppose  also  that  these 
two  bits  change  at  a  rate  of  cnce/sec.  The  baud  rate,  or  communicaUon  rate  (how  often  the  data  is  changed), 
is  once/sne.  The  bit  rate,  or  signalling  rate,  is  Avo  bits/sec,  because  two  bits  (frequency  and  phase  content)  are 
charging  every  sec.  So  in  this  case,  the  bit  rate  is  twice  the  baud  rate. 

The  RS422  and  RS-423  specifications  transmit  ^gn^s  similar  to  what  is  found  on  RS-232  lines,  but  allow 
faster'  and  longer  transmission.  The  RS-423,  like  RS  232,  is  an  unbalanced,  or  single-ended,  transmission.  The 
ground  references  on  each  end  of  the  ttarismission  are  tied  together.  Transmission  speeds  up  to  100  kbaud  and 
line  lengths  up  to  4000  ft  are  allowed.  The  RS-422  k.  a  balanced,  or  differential,  transmission  system.  Neither 
of  its  transmi^on  wires  are  tied  to  the  ground  reference  at  either  end.  This  technique  makes  the  transmiss.tOD 
9.ystem  less  sensitive  to  common  mode  (undesired  signals  affect  both  wires  equally,  cancelling  the  effect).  It 
shews  tranr>tnl8Sion  speeds  up  to  10  Mbaud  at  line  lengths  up  to  4000  ft.  Figure  6-18  shows  the  cable  lengths 
us  a  fiinction  of  data  rate:  for  RS422  and  RS423,  respectlv-Viy  (ref.  25).  These  plots  were  empirically  derived. 
The  curve  is  hnt  at  the  bwvr  data  rates  because  the  signal  amplitude  requirement  is  the  limiting  factor.  As  the 
data  rate  increases,  the  signal  rise  and  fall  times  become  the  mere  significant  factors,  limiting  the  allowable 
line  length. 


Data  modulation  rate,  bauds 
RS422 


Data  modulation  rate,  bauds 
RS-423 


aiowe 


Figure  6-18.  Data  modulation  rate  as  a  function  of  cable  length. 


Of  the  three  standards,  RS422  offers  the  best  sneed  and  line  length. 

The  RS-449  standard,  together-  with  the  RS422  aad  RS423  standards,  is  intended  to  replace  RS-232-C.  While 
RS422  andRS423  define  electrical  interface  standards,  RS-449  specifies  the  functional  and  mechanical  char¬ 
acteristics  of  the  interface  between  data  terminal  and  data  communications  equipment  Unlike  RS-232-C, 
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RS-422,  and  RS-423,  the  RS-449  standard  specifies  exact  mechanical  definitions  of  connectors,  which  are 
37-pin  and  9-pin  connectors.  The  RS-449  aiso  clearly  states,  using  diagramSi  niany  of  the  more  poorly  under¬ 
stood  xtnndatiria  stated  in  RS-232-C.  The  RS-449  is  compatible  with  CXUTT  recommendations  V.24  and  V.54. 

In  ^  author's  Opinion,  die  only  good  reason  to  design  flight  systems  with  RS-232  interfaces  is  to  allow  easy 
interface  to  exisdng  ground  equipment,  such  as  a  computer  or  VDT.  Any  flight  system  being  used  for  data 
transmission,  especially  where  both  ends  of  the  bus  can  be  custom  designed,  should  plan  to  use  a  balanced  line 
standard  that  allows  longer  line  lengths  and  higher  data  rates,  such  as  RS-422. 

Despite  all  attempts  to  enhance  or  replace  the  61S-232-C  standard,  it  is  sdll  widely  used.  Its  vagueness  allows 
designers  to  believe  they  have  a  free  hand  in  bending  the  standard  to  their  own  purposes, 

6j62  IEEE  488/HP-IB/IEC  625 

For  better  understanding,  it  is  useful  to  review  the  history  of  this  bus’  development  In  the  early  1970’s,  there 
was  little  standardization  in  connecting  measurement  test  equipment  to  computer  systems.  With  the  advent 
of  microprocessors,  it  became  feasible  to  build  “smart”  instruments  that  handled  major  parts  of  their  own 
computing  tasks.  Hewlett-Packard  of  Cupertino,  California,  developed  a  bus  to  interface  measurement  instru- 
ihents  like  digital  voltmeters  and  scanners  to  minicomputers.  Hewlett-Packard  designed  many  instruments  for 
this  bus  named  the  HP-IB  (Hewlett-Packard  interface  bus)  in  1974.  Hewlett-Packard  participated  in  various 
standardization  groups,  which  used  this  bus  as  their  starting  point  in  defining  industry  standees. 

In  1976,  the  International  Electrotechnical  Commission  (lEC)  adopted  lEC  625-1.  It  differs  fiom  HP-IB 
only  in  the  connector  used.  In  1978,  the  Institute  of  Electrical  and  Electronic  Engineers  (IEEE)  adopted 
lE^  488-1978  (now  called  488.1),  which  is  fully  complient  with  HP-IB.  The  American  National  Standards 
Institute  (ANSI)  adopted  the  IEEE  Standard  and  published  it  as  ANSI  Standard  MC  1.1.  The  bus  concept  is 
also  known  as  the  QP-IB  (general-purpose  interface  bus).  Under  one  or  more  of  these  names,  the  HP-IB  has 
become  widely  used  throughout  the  world  as  a  means  of  making  test  measurements  easier.  It  is  continually 
being  revised  to  include  enhanced  features. 

6,64*1  Bus  opemtioii 

The  HP-IB  operates  on  two  levels:  hardware  interconnection  and  message  passing.  The  instrument  intercon¬ 
nection  is  pa^ve.  A  cable  with  16  signal  lines  (8  for  data  and  8  for  data-message  control  Information)  usually 
connects  the  instruments  and  computer  in  a  daisy-chain  fashion.  An  HP-IB  device  must  function  as  one  of  the 
following:  talker,  listetuir,  or  controller.  A  controller  device  manages  the  bus,  determining  which  devices  are 
eligible  to  send  and  receive  data.  A  talker  can  transmit  data  to  other  devices  on  the  bus.  A  listener  can  receive 
data  from  other  devices.  Mtost  devices  can  listen  to  their  control  information  and  then  talk  to  send  their  mea¬ 
surement  results.  An  HP-IB  bus  must  consist  of  at  least  one  talker  and  one  listener.  Figure  6-19  shows  a  typical 
HP-IB  connection.  In  the  figure,  one  controller  (usually  a  computer)  ai.  i  three  instruments,  which  may  be  both 
listeners  (to  receive  control  information)  and  talkers  (to  report  results  'onk  to  toe  controller  or  other  listener) 
are  shown.  The  detail  illustrates  liow  the  daisy  chain  connections  a  e  usually  msted  by  stacking  connectors. 
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Figure  6-1$.  IDe  HP-IB  (IBEB-488)  connections. 


The  power  of  the  system  lies  in  the  potential  intelligence  of  each  measurement  device  on  the  bus  and  the 
ability  to  schedule  testing  events  and  sequences  in  the  controller.  “Smart"  and  “dumb"  devices  can  coexist  on 
the  same  bus.  All  of  the  HP-IB’s  evolving  enhancements  are  aimed  at  standardizing  higher  levels  of  message 
protocol,  which  previously  were  device  dependant.  The  HP-IB  is  a  bus  that  was  designed  from  the  “bottom 
up,"  or  as  manufacturers  conceive  of  enhancements  in  message  handling,  they  are  reviewed  and  incorporated 
into  the  standards, 

6£2J,  Bus  application  and  limitations 

The  HP‘IB’8  use  in  flight  test  is  limited  to  aircraft  with  enough  space  to  accommodate  large  (usually  rack 
mountable)  test  instruments  like  transport-size  aircraft  The  bus  is  widely  used  in  ground  support  equipment 
and  laboratory  calibration, 

The  maximum  number  of  instrumenu  on  the  same  bus  is  IS,  The  maximum  cable  length  is  limited  to  20,  or  2 
times  the  number  of  devices,  whidtever  is  less.  It  is  an  8-blt  parallel  (not  serial)  data  bus.  Therefore  its  cable, 
which  must  carry  24  wires,  is  usually  stiff.  It  passes  data  In  binary-coded  decimal  (BCD)  or  ASCII  formats. 
This  increases  its  compatibility  with  other  systems,  but  decreases  its  speed.  The  HP-IB  is  not  intended  for 
passing  high-frequency  measurements.  The  previously  mentioned  bottom-up  implementation  of  the  HP-IB 
often  causes  problems  in  programming  contmunications  between  different  measurement  devices,  particularly 
if  the  devices  are  made  by  different  manufacturers.  Often,  one  manufacturer  will  rely  on  an  “enhancement" 
that  the  other  manufachuer  is  unfamiliar  with. 

There  ate  mechanisms  for  extending  the  bus  in  length  and  number  of  devices,  but  these  are  not  part  of  the  bus 
standard.  For  a  detailed  description  of  the  HP-IB,  see  references  26, 27,  and  28. 

6.6  J  Ethernet  (IEEE  802.3) 

Ethernet  is  a  popular  bus  techidque  in  ground-based  facilities  for  networking  systems  together.  It  is,  to  the 
author’s  knowledge,  not  used  on  aircraft  for  flight-test  purposes.  However,  it  has  some  features  of  interest. 

Ethernet  is  a  baseband  bus,  where  signals  are  time  division  multiplexed.  It  provides  a  10-Mbit/sec  serial  path 
between  many  systems,  and  requires  no  bus  master.  It  has  a  linear  mpology,  and  is  usually  a  coaxial  cable 
system  (although  oflier  media  are  often  used),  A  cable  is  strung  around  a  facility.  Those  nee^ng  access  to  the 
bus  clamp  a  transceiver  onto  the  coax.  Each  device  has  a  unique,  factory-defln^  address.  The  data  link  layer 
of  protocol  is  defined  as  part  of  the  802.3  specification,  sending  data  in  packets.  Higher  layers  of  protocol  are 
up  to  the  systems  wanting  to  communicate  and  will  not  affect  those  systems  that  are  not  addressed. 
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Control  of  the  bus  is  determined  by  who  geu  there  first.  If  another  device  wants  to  control  the  bus,  it  first 
checks  for  energy  on  the  bus.  Implying  that  another  system  already  has  control.  If  it  finds  that  the  bus  is  in  use, 
it  will  back  off.  wait  for  a  random  tlnte,  and  try  again.  As  devices  are  not  allowed  to  stay  on  the  bus  forever, 
every  device  will  be  guaranteed  access. 

This  bus  has  become  very  popular.  Miuiy  support  products,  supporting  a  wide  range  of  physical,  data,  and 
network-link  protocol  product^  e^st  for  several  popular  computer  systems  from  micros  to  mainframes. 

6.7  Sampling  Data  Busea  for  PCM  IWuismission 

In  recent  years,  avionic  subsystems  jhivolyed  in  navigation,  pilot  displays,  and  flight  control  have  become 
msjor  parts  of  aircraft.  As  these  systems  must  be  developed  and  tested  before  becoming  operational,  the 
flight-testing  community  must  monitor  bus  activity  between  the  avionic  subsystems.  Aircraft  data  bus  activity 
must  be  recorded  and,  at  least  in  part,  be  frequently  teieihetered. 

TTaditiontd  fltgbt-test  data  acquisition  Involves  sampling  of  sensors  where  the  PCM  system  has  control  over  the 
sampling  times  and  sampling  rates.  With  most  data  buses,  however,  these  transactions  take  place  completely 
asynchronous  to  traditional  sampled  PCM  systems.  The  engineer  must  understand  what  kind  of  data  bus  system 
Information  is  being  sought  Is  it  important  to  maintain  data  bus  frame  integrity?  Must  timing  relationships 
between  buses  be  maintained?  Must  all  bus  traffic  be  recorded  or  transmitted?  Or  is  it  enough  to  Just  select 
certain  bus  words  and  maintain  a  most-recent-values  table  for  transmission  at  a  noncrltical  rate?  Understanding 
the  requirements  makes  a  big  difference  in  the  complexity  of  the  bus  interface  scheme  used. 

In  most  cases,  flight-teat  engineers  want  the  data  acquisition  system  to  monitor  the  bus,  but  not  interact  with  it. 
Interacting  with  it  infers  transmitting  some  type  of  data  acknowledgment  on  the  bus,  which  requires  the  system 
under  test  to  take  some  action  on  this  data  or  acknowledgment  Tb  some  extent,  this  changes  the  acdon  of  the 
system  under  test.  The  mark  of  a  good  test  instrument  is  one  that  affects  the  system  under  test  minimally. 
For  example,  a  good  voltmeter  has  a  very  high  impedance,  which  draws  the  least  current  from  the  system 
it  is  probing. 

The  following  examines  the  worst  case  of  monitoring  data  buses— recording  all  bus  activity,  including  com¬ 
mand  words,  sync  bits,  and  intermessage  gaps,  if  they  exist.  Assume  that  this  information  must  end  up  in  a 
digital  computer  system  to  evaluate  the  bus  traffle.  TWo  big  problems  must  be  addressed;  (1)  The  data  bus 
speed  is  probably  too  high  for  current  flight  recorders  to  handle;  and  (2)  message  gaps,  if  sufflciently  long, 
introduce  a  DC  component  into  a  signal,  and  direct  (noumodulatcd)  recording  techniques  will  have  trouble. 

One  common  technique  for  dealing  with  a  high  recorder  data  rate  is  to  split  the  signal  over  several  tracks,  as 
was  discussed  in  section  6.5. 1.9.  For  example,  bus  data  can  go  into  a  FIFO  buffer  that  splits  the  stream  bit 
by  bit  across  flve  tracks  on  the  tape.  Now  each  track  need  only  record  at  1/S  the  data  rate  of  the  bus.  Each 
track  has  a  sync  word  added,  and  flllers  are  added  during  gap  times.  The  tape  must  be  replayed  through  a 
“desplitter"  to  put  the  dau  stream  back  together. 

A  good  example  of  sotting  out  1SS3  bus  data  in  real  time  and  storing  it  in  a  form  amenable  to  later  computer 
analysis  was  ^veloped  for  Aeritalia  in  'nirin,  Italy.  Its  main  goal  was  to  reduce  the  bandwidth  of  data  recorded 
on  board  so  that  the  number  of  tracks  required  on  the  recorder  were  also  reduced. 

This  system  uses  the  bus  inactive  time  (usually  40  percent  or  more)  to  add  timing  information  and  to  reduce 
the  output  bit  rate.  All  the  information  is  kept,  but  In  compressed  form.  Data  about  the  1553  sync  bits,  parity, 
validity,  and  so  forth  are  encoded.  The  time  of  frame  acquisition  is  also  encoded.  This  allows  full  analysis  of 
the  bus  and  maintains  time  and  frame  integrity,  while  not  requiring  as  many  filer  words  in  each  frame  or  as 
many  tracks  on  tl' '  tape.  Filler  words  are  required  if  bus  activity  is  low  enough  for  a  period  of  no  transitions 
to  occur  during  a  PCM  ftiame.  The  data  are  stored  in  a  quasi-IRIG  format,  including  sync  words  and  a  regular, 
cyclic  frame  pattern.  However,  the  data  are  not  fixed  word-position  dependent  within  a  frame,  like  standard 
IRIO  format.  Each  frame  must  be  analyzed  in  software  to  extract  the  appropriate  information. 
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Under  normal  bus  activity,  data  can  be  stored  on  one  tape  track.  If  heavy  loading  occurs,  data  can  be  split 
across  two  tracks.  However,  it  is  split  on  a  message-by-message  basis,  noion  a  bit-by-bit  basis.  This  is  easier 
to  decommutate  and  is  more  reliable.  (In  the  Ut-by-blt  splitting,  if  one  track  dies,  all  information  is  lost  as  they 
are  so  intertwined.)  Tlie  time  tag  is  optional  and  is  deifined  as  a  16-  or  32-bit  counter  of  arbitrary  resoludon. 
Knowledge  of  15S3  specifications  can  be  used  to  distinguish  between  response  times,  intermessage  gap  times, 
and  so  forth  tp  check  for  message  validity  in  the  software  decommutation.  Bus  failures  can  be  detected  also. 

The  goal  is  to  reduce  the  bandwidth  of  data  on  board  to  reduce  the  tracks  required  on  the  recorder.  This  led 
to  the  pseudo-nUQ  technique,  because  in  conventional  DUG  PCM,  each  parameter  must  have  its  own  slot  in 
a  cyclic  frame  and  would  be  sent  even  If  it  has  not  changed  values.  Thus,  the  bandwidth  would  be  driven 
up.  A  conventional  DUO  PCM  system  would  also  lose  1533  frame  integrity  and  information  about  the  frame, 
sending  only  data  and  not  “gap"  information  (ref.  15). 

Reference  29  is  a  good  source  of  information  on  extracting  1553  bus  data  from  a  specially  encoded  DUG 
PCM  stream. 

6,8  Wave  Shaping  for  Special  Situations 
64S.I  Pulse  trains  for  telemetry  transndssion 

Of  primary  concern  in  telemetry  transmission  is  bandwidth.  That  is,  how  much  of  the  frequency  spectrum  is 
used  to  transmit  a  signal.  TNvo  factors  enter  into  this:  (1)  how  sharp  the  rise  and  fall  times  of  a  pulse  train  are, 
and  (2)  how  many  transitions/sec  are  required.  Minimizing  bandwidth  requires  the  pulse  train  waveshape  to 
be  as  nearly  sinusoidal  as  possible,  and  requires  the  bit  rate  to  be  minimized. 

The  simplest  coding  technique  also  corresponds  to  the  lowest  bandwidth  signal:  NRZ-L  (nonreturn  to  zero- 
level).  Its  power  spectral  density  centers  around  the  bit  rate.  In  this  code,  a  logic  1  is  a  high  and  a  logic  0 
is  a  low.  Unfortunately,  no  transitions  take  place  when  a  long  string  of  O’s  or  I’s  occur.  Sophisticated  bit 
synchronizers  must  be  used  to  keep  the  data  stream  in  lock. 

Pulse  tradiu  for  tape  recording 

Thpe  recorders  are  sensitive  to  steady-state  response.  This  means  that  long  periods  of  no  transition  in  a  data 
stream  do  not  record  well.  Therefore,  NRZ-L  coding  is  not  usually  the  coding  of  choice.  A  code  that  requires 
transitions  to  occur  at  least  every  bit  time  or  two  works  better.  Codes  like  BI(I>-L  (Manchester  II  biphase- 
level)  and  DM-M  (delay  modulation-mark  (Miller))  are  commonly  used.  Pseudorandom  techniques  that  shift 
the  power  nwctral  density  curve  closer  to  the  bit  rate  while  keeping  it  off  of  steady-state  condition  are  better. 
Figures  94  and  97  of  reference  1  show  code  definitions  and  power  spectral  density  curves,  respectively. 

KUtering  and  encoding  considerations 

For  tape  recording  of  digital  PCM  streams,  one  of  the  most  important  considerations  in  direct  recording  is  the 
power  rt>ectral  density  of  the  rignal.  The  coding  technique  selected  depends  on  this.  For  example,  an  NRZ-L 
signal  does  not  guarantee  that  there  will  be  any  transitions  in  a  given  length  of  time  from  0  to  I  or  from  1  to 
0.  If  the  data  being  recorded  are  all  0*s  or  all  I’s,  there  are  no  transitions  and  no  self-clocking  is  possible.  All 
information  is  DC,  which  is  not  suitable  for  tape  recording.  The  BIO-L  code  has  zero-frequency  components 
at  DC.  However,  its  bandwidth  is  approximately  twice  that  of  NRZ-L.  The  DM-M  code  has  a  small  amount 
of  frequency  components  at  DC  with  approximately  the  same  bandwidth  as  NRZ-L,  which  makes  it  a  good 
compromise  for  tape  recording.  This  subject  is  covered  in  more  detail  in  reference  1 . 
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6JJL2  Enhlinccmeat  tidmlques 

Sometimes  recording  high-speed  data  streams  is  complicated  by  not  having  recoi^ng  mechanisms  that  can 
keep  up.  In  other  words,  linear  recording  of  date  streams  cannot  always  be  done.  One  technique  that  has 
been  uSed  to  work  afobnd  this  bandwiddi  limitation  is  called  track  splitting,  which  is  discussed  in  detail  in 
secdon  6.7.  Ill  track  splitdng,  seHal  daita  Stream  is  sliced  up  and  consecudve  etttinks  are  laid  in  parallel  tracks  of 
a  recorder.  This  complicates  the  encoding  onto  the  record^  as  well  as  decoding  it  later.  It  does,  however,  allow 
more  recording  time  on  a  given  tape.  The  technique  has  been  used  successfully  in  recording  MIL-STD-1SS3 
avionics  data  (at  one  Mblt/sec)  onto  14-track  tape  recording  at  a  much  slower  rate. 

An  important  enhancement  technique  that  is  sometimes  overlooked  is  to  reduce  the  amount  of  data  recorded. 
In  many  situations,  not  all  of  the  bus  traflic  is  required  for  analysis.  Careful  selection  of  parameters  can 
significantly  reduce  recording  requirements. 


7  DIGITAL  DATA  STORAGE 
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7.1  T^peRMordns 

Thpe  reoMden  have  been  the  mainitay  tif  flight  data  acquisition  systems  for  nuwy  yean.  Though  ground-based 
computer  systehui  also  hsve  used  tape  recording  for  many  years,  their  mechanism  of  storage  differs  from  most 
flig^  systems.  Otouod-based  systems  tyj^catly  store  information  in  parallel  across  several  tracks  in  a  "byte 
serial”  fashion.  This  can  be  thought  of  as  digital  recording,  Flight  systems,  in  contrast,  usually  record  in  an 
analog  fashion.  Even  if  data  is  digitized  before  being  sent  to  the  recorder,  it  is  recorded  in  a  "bit  serial”  fashion, 
one  track/chanoel  or  data  stream. 

Flight  recorders  have  several  tracks;  14  or  28  are  common.  Each  track  can  record  one  PCM  data  stream  or  one 
FM  channel.  So  for  a  14-track  tape  unit,  up  to  14  FM  channels  or  14  PCM  data  streams  can  be  recorded,  or 
a  mixture  6f  the  two.  One  track  is  usually  devoted  to  recording  the  IRIO  time  to  synchronize  data  acquisition 
with  the  actual  time  the  data  was  taken. 

This  kind  of  tape  recording  has  limited  bandwidth— 1  to  2  hr  recording  at  data  rates  under  300  kbit/sec.  Ibch- 
nlques  have  been  developed  to  use  track  splitting:  spreading  a  serial  data  stream  across  several  tracks.  This 
ter^que  is  commonly  used  for  storing  high-speed  data  streams  in  real  time.  References  1  and  15  provide 
information  about  tape  recording,  signal  conditioning,  and  encoding. 

7  J1  Semloonductor  Memory 

Semiconductor  memory  has  been  among  the  most  exciting  technologies  to  watch  over  the  past  several  years. 
Memory  densities  have  increased  dramatically,  while  costs  and  power  consumption  have  plummeted.  Fifteen 
years  ago,  minicomputer  systems  containing  more  than  32  kbytes  of  memory  were  uncommon.  Tbday,  many 
laptop  computers  contain  1  or  2  Mbytes. 

7  J.1  Randan  access  memory 

Memory  capacity,  speed,  weight,  size,  and  power  consumption  are  key  issues  in  selecting  memory  for  data 
storage.  Cost  is  usually  less  of  an  issue.  Random  access  memory  (RAM)  is  a  type  of  read-write  memory;  that 
is,  each  memory  location  can  be  accessed  in  any  random  order  and  each  location  can  be  either  read  fiom  or 
written  to.  For  data  storage  requiring  high  speed.  It  is  hard  to  exceed  the  performance  of  RAM,  Much  of  the 
information  stored  passes  through  RAM  anyway  In  the  process  of  passing  it  on  to  the  storage  device.  Densities 
reach  a  level  where  size  and  weight  are  acceptable  for  low  to  medium  amounts  of  data  storage  in  flight  test. 
For  example,  if  a  flight  test  project  has  20  parameters,  each  requiring  200  samples/sec  for  a  testing  period  of 
30  min,  tten  this  would  requite  7.2  x  10^  bytes  of  storage; 

200  samples/sec  for  each  of  20  parameters  (one  parameter/byte) 

(200  frames/sec)(20  parameters/firaffie)  =  4000  parameters/sec 
(4000  parametersfsecXSO  min)(60  sec/min)  =  7.2  x  10^  parameters 

This  is  a  modest  requirement  for  flight  testing,  but  a  foirly  sizable  one  for  the  amount  of  RAM  required.  Data 
storage  using  RAM  tends  to  be  for  infiequent,  or  noncontinuous,  storage  of  data  (like  test  points  that  span  a 
fow  seconds). 

The  RAM  is  volatile.  It  requires  the  application  of  power  at  all  times  to  retain  its  contents.  Sophistication 
in  integrated  circuit  design  has  allowed  modern  IC's  to  automatically  revert  to  a  standby  mode  when  its  data 
is  not  externally  requited.  Standby  mode  requires  considerably  less  power,  usually  a  few  pamps/lC.  Small 
batteries  can  kn^  their  contents  intact  for  several  months  or  years. 
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122  Electrically  erasable  progranunable  Kwl  only  memory 

The  EEPROM  (or  E^PROM)  is  a  nonvolatile  memory  device  (requiring  no  battery  backup  power)  that  can 
be  programmed  or  reprogrammed  (erased)  electrically  while  still  in  its  application  circuit  (ref.  8).  It  is  well 
suited  for  systems  nequiring  small  amounts  of  data  storage  updated  infrequently  with  noncritical  write  times 
(in  the  msec  range).  Criibration  tables  are  a  good  example.  The  tables  may  be  updated  without  removing  the 
EEmOM  and  are  not  expected  to  change  during  a  fli^t.  The  table  values  can  be  expected  to  be  retained  even 
after  circuit  power  .has  b^  removed. 

12  Bubble  Memory 

Bubble  memory  uses  a  method  of  storing  information  in  tiny  magnetic  domains,  called  bubbles.  Access  to 
the  bubbles  is  sequential-r-ln  rotating  order.  The  bubbles  store  information  in  a  nonvolatile  manner,  and  in¬ 
formation  is  not  lost  when  power  is  removed.  This  storage  is  completely  solid  state,  and  therefore  holds  much 
promise  in  environments  like  flight  lest,  where  lack  of  vibration-sensitive  mechanical  parts  is  desirable. 

Bubble  memories  became  available  commercially  in  the  early  1980’s,  but  were  never  widely  used.  In  its  early 
days,  these  memories  were  the  subject  of  much  ^vertlsing  “hype”  (promises  that  were  never  lived  up  to).  Its 
low-memory  densities,  low-speed,  heavy-weight,  complex  support  circuiUy,  lack  of  substantial  improvements, 
and  high  cost  have  conspired  to  keep  bubble  memories  out  of  most  applications. 

Bubble  memories  have  been  used  in  flight  testing  applications,  but  only  those  where  infrequent  access  of  “read- 
mostly"  memory  was  required,  and  access  times  were  not  time  critical.  One  such  application  was  instmmented 
by  the  NASA  Ames  Research  Center's  Dryden  Flight  Research  Facility  to  support  a  laminar  (smooth  air)  flow 
research  program  onboard  a  Lockheed  C-140  Jetstar  aircraft.  That  system  used  bubble  memory  cards  in  two  of 
the  onboard  systems.  The  bubble  memory  was  designed  commercially  to  emulate  standard  Q-bus  floppy  disks. 
They  were  accessed  only  to  assist  the  system  when  powered  up  and  to  load  the  application  program  into  semi¬ 
conductor  (volatile)  memory  for  execution.  In  this  application,  real-time  response  was  unnecessary;  vibration 
resistance  and  small  physical  size  (relative  to  the  floppy  disk  drive  it  replaced)  were  positive  attributes. 

7.4  Disks 

7.4.1  Magnetic  (hard  and  flexible) 

Magnetic  disks  are  a  very  popular  way  of  saving  flight  data.  They  are  widely  used  in  ground-based  systems 
and  ate  increasingly  used  on  aircraft 

These  disks  ate  excellent  media  to  store  and  retrieve  random  access  data.  Access  times  range  in  the  tens  to 
hundreds  of  msec,  and  data  capacities  are  between  a  few  hundred  kilobytes  and  a  few  hundred  megabytes. 
Flexible  (floppy)  disks  are  at  the  low  end  of  the  range  in  terms  of  speed  and  capacity,  and  hard  disks  are  at  the 
high  end. 

An  advantage  of  flexible  disks  is  low  media  cost  and  high  portability.  They  are  also  “contact  head”  devices 
and  are  thus  less  sensitive  to  vibration  problems  than  are  haid  disks.  Their  data  transfer  rates  are  in  the  range 
of  230  to  SOO  kbit/sec. 

The  advantages  of  hard  disks  are  speed  and  high-storage  capacity.  Data  transfer  rates  are  from  5  to  10  Mbit/sec. 
Many  hard  disks  are  also  sealed  (Winchester  type)  and  are  less  susceptible  to  a  dusty  environment  than  are 
flexible  disks.  However,  hard  disks  use  expensive  o^a  and  are  "floating  head"  devices;  that  is,  their  recording 
heads  must  not  contact  the  surface  of  the  disk.  This  event  is  called  a  head  crash  and  results  in  the  loss  of  data 
(and  usually  a  service  call  to  reprir  the  head).  Vibration  could  result  in  head  crashes,  and  considerable  attention 
must  be  paid  to  mounting  the  ^ves  to  prevent  this  kind  of  damage,  particularly  in  flight  testing. 
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1A2  Optical 

Optical  disk  data  storage  is  emeri^ng  as  a  very  exciting  technology  for  data  storage.  There  are  few  standards 
currently,  as  it  is  still  in  its  infancy.  The  most  important  advantage  of  optical  media  is  its  extremely  large 
storage  capadty.  Storage  capacities  in  the  Gbyte  range  ate  not  uncommon.  The  most  mature  tectmology  is  the 
so-called  write  once,  read  many  (WORM)  optical  disks.  As  the  name  implies,  data  can  be  written  to  the  media 
only  once,  but  read  back  many  times.  This  is  ideal  for  archiving  data  like  fligltt  data.  It  is  better  protected  from 
accidental  erasure  than  is  magnedc  media.  It  also  tends  to  be  optimal  for  sequentially  stored  data  because  it 
is  recorded  In  a  condtuious  spiral,  like  the  groove  on  a  record  player.  Currently,  WORM  recording  speeds  are 
not  tremendously  fast,  avera^ng  a  few  Mbit/sec. 

7,4,3  IntceflMing 

There  are  several  standards  available  to  interface  to  rotating  disk  drives.  Interfaces  are  usually  addressed  at  two 
levels:  drive  to  controller  and  controller  to  processor.  The  STS06  specification  arid  ESDI  define  the  signals 
passing  between  the  drive  and  its  controller.  The  MSCP  defines  dte  protocol  required  for  the  controlling 
processor  to  communicate  with  the  controller  attached  to  the  drive(s).  The  SCSI  Is  a  combination  of  both 
(protocol  and  bus).  Thus,  a  drive  interface  tnay  use  both  STS06  and  MSCP,  or  Just  SCSI.  Sometitttes  converters 
are  used  to  allow  a  processor  sending  commands  on  a  SCSI  bus  to  communicate  with  a  drive  using  STS06. 
The  SCSI  is  used  for  more  than  just  disk  drives.  It  is  also  a  general-purpose  data  transfer  bus.  With  a  properly 
designed  system,  the  processor  does  not  need  to  know  physical  details  about  the  device  it  is  communicating 
with.  Whether  the  device  is  a  disk  drive,  magnetic  tape  drive,  or  a  printer,  there  is  little  impact  on  the  commands 
sent  from  the  processor. 
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8  TESTING 

8.1  FidtuK  Mode*  and  Medianlnns  of  Digital  Systems 

Modem  electioiiic  tyttenu  are,  iot  the  most  part,  very  reliable  systems.  Conqtrised  largely  of  solid-state 
devices,  they  are  fisiriyipqiervious  to  shock.  Iheir  low  power  consumption  minimizes  heat  damage,  and  shelf 
lift  is  virtually  However,  statistically,  the  more  components  added  to  a  system,  the  more  likely 

something  will  fail.  The  trend  toward  highly  complex  aircraft  systems  therefore  works  against  the  addition  of 
more  reliable  components. 

Digital  systems,  by  nature,  tend  to  be  much  more  impervious  to  temperature  variations  than  their  analog  coun¬ 
terparts  (see  sec.  1.2).  Even  the  analog  circuits,  while  sensitive  to  temperature  variations,  are  usually  not 
subject  to  catastrophic  Mure— except  fx  components  that,  by  the  nature  of  their  operation,  are  expected  to 
dissipate  much  heat 

Howevir,  digital  logic  is  more  sensitive  to  power  fluctuations  than  is  analog  drcultry.  For  example,  if  a  current 
surge  (resulting  fiom  the  sudden  switching  of  a  logic  level)  causes  a  spike  on  the  power  supply  line,  the  logic 
thresholds  of  a  logic  chip  may  be  affected,  this,  in  turn,  may  cause  a  logic  chip  to  i^sinterpret  a  logic  level.  As 
logic  dieuils  make  substantial  use  of  memory  elements  (foture  action  depends  on  the  past),  the  misinterpreting 
of  a  logic  level  can  cause  the  lo^c  to  take  a  wrong  “fork  in  the  road“  and  get  very  confiised.  In  contrast,  most 
analog  drcuits  have  no  memmy  element,  so  a  temporary  perturbation  in  power  has  no  lasting  impact  on  the 
system’s  perftmnance. 

After  eliminatiag  (relatively  speaking)  catastrophic  failure  and  power  fluctuations,  the  failure  modes  in  digital 
systems  are  primarily  those  of  synchronizatiott.  Assuming  that  a  system  has  been  ftmctional  and  suddenly 
develops  problems,  a  good  area  to  look  at  is  the  timing  relationships  between  various  parts  of  the  system.  This 
4  where  most  time  4  4>ent  troubleshooting  digital  systems. 

HaurdwareTtatMeffioda 

In  the  process  of  designing  and  testing  digital  electronics,  like  any  other  electronic  system,  it  is  necessary  to 
find  arid  fix  problems  as  well  as  to  evaluate  performance.  In  traditional  analog  electronic  testing,  the  most 
important  general-purpose  test  gear  is  the  oscilloscope.  In  testing  digital  electronics,  the  logic  analyzer  is  a 
very  important  piece  of  test  gear.  This  device  is  a  specialized  data  acquisition  tool  that  allows  the  operator  to 
see  the  timing  relationships  between  several  digital  signal  lines.  Timing  is  everything  in  digital  systems.  The 
logic  analyzer  lets  the  evaluator  see  the  timing  relationships  between  the  various  digital  signals  in  the  system. 
Olitch  detectors  can  spot  signals  that  appear  and  disappear  between  samples — which  nuy  point  to  “illegal” 
activity  on  a  channel. 

Digital  oscilloscopes  are  gaining  in  popularity.  They  combine  the  principles  of  both  logic  analyzers  (by  sam¬ 
pling  data  digitally)  and  the  analog  oscilloscope  (by  displaying  voltage  level).  Sometimes  logic  analyzers 
Include  one  or  two  channels  of  digital  oscilloscope  channels  that  allow  the  synchronized  observation  of  the 
digital  timing  with  observed  analog  traces. 

Pattern  generators  and  microprocessor  emulators  control  the  logic  (provide  a  forcing  function).  Microprocessor 
emulators  are  used  in  development  when  not  all  of  the  hardware  is  built,  or  when  the  system  is  built  and 
interaction  with  the  “guts”  of  the  system  is  required  for  testing.  A  typical  emulator  will  plug  into  the  system  in 
place  of  a  microprocessor  and  will  allow  the  user  to  map  recognized  memory  into  either  the  system  under  test 
or  the  emulator  itself.  In  designing  embedded  microprocessor  systems,  an  emulator  is  almost  indispensible. 

An  understanding  of  the  timing  relationships  in  a  working  system  is  important  to  check  for  anomalous  opera¬ 
tion.  Good  baseline  measurements  should  be  made  when  the  system  is  declared  operational.  This  is  similar  to 
taking  your  temperature  when  you  are  well  so  that  you  know  what  is  normal. 
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If  it  is  possible  to  use  sockets  for  con^wnents,  the  job  of  troubleshooting  a  system  at  the  compbnent  level 
is  greatly  simplified.  Simply  replace  suspected  components  until  the  system  works,  or  replace  all  parts  and 
reinsert  suspek  con^nnents  until  it  falls.  However,  use  Qf  sockets  gre^y  increases  die  pi^ssibility  of  a  bad 
connection,  which  obviously  induces  Mure  modes. 

Much  of  aircraft  avionic  testing  that  concerns  a  flight  test  or  instrumentation  engineer  involvesinaking  black 
boxes  communicate  properly,.  This  frequently  requires  spedallzed  testing  equipment  that  is  able  to  analyze 
data  bus  traffic  and  interpret  its  messages.  These  units  are  ofien  expensive,  but  can  save  an  enormous  amount 
of  time  in  focusing  on  a  problem. 

83  8oftfare;^t  Methods 

Software  is  fiMind  in  many  electronic  devices  today.  Hard^wired  logic  circuits  are  giving  way  to  firmware 
(programmed  hardwarej-controlled  lo^c.  More  high-level  control  of  sequences  (especially  those  requiring 
decisions  based  on  parameters  that  change)  use  mote  conventional  software.  As  technology  makes  it  possible 
to  include  mote  processing  npatfllity  and  memory  capacity  into  less  space  and  power,  imbedded  software  is 
found  in  mote  subsystems. 

Ibsting  software  systems  can  be  challenging.  Communication  between  several  processors  controlled  by  several 
(umsynchronized)  oscillators  guarantees  that  the  system  cannot  be  tested  under  all  possible  conditions.  The 
author  has  seen  digital  systems  work  successfully  for  several  years  before  a  particular  set  of  conditions  occurred 
(as  a  result  of  synchronization  problems)  that  caused  erroneous  operation. 

The  best  a  designer  can  do  is  to  pay  attention  to  timing  delays,  signal  degradation  over  transnussion  lines,  and 
design  error  detection  and  correction,  as  well  as  synchronizing  (acknowledge)  mechanisms,  where  possible. 

The  more  a  system  is  modularized,  that  is,  its  (Components  act  independently  without  depending  on  much 
interplay  between  subsystems,  the  eaaer  it  is  to  test  ii^gram  logic  can  then  be  tested  on  a  subsystem-by¬ 
subsystem  basis  using  well-understood  tools  like  program  debuggers  and  emulators  (secs.  2.S.2  and  8.2).  It 
is  like  the  difference  between  being  accountable  for  your  own  actions  as  opposed  to  being  responsible  for  the 
detailed  actions  of  other  people.  There  is  only  so  much  control  you  can  exercise  over  someone  else.  As  aircraft 
systems  become  more  conqtlex,  modularity  becomes  the  key  to  successfully  testing  and  integrating  systems. 
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9  RELIABILITY  AND  SAFETY 
9.1  Verification  and  Validation 

Verification  and  validation  is  the  process  where  systems  are  shown  to  be  operating  properly.  Verification  is 
the  act  of  confirming  that  the  system  (software,  hardware,  and  so  forth)  meets  the  specification.  Validation 
determines  tii'at  the  specification  itself  is  correct  Just  as  it  is  up  to  an  architect  to  confirm  that  the  blueprints 
for  a  building  project  are  correct  (validated),  it  is  up  to  the  building  contractor  to  confirm  that  the  blueprints 
are  followed  (verified). 

How  much  verification  and  validation  is  required  befme  fligjtt  testing  is  largely  a  function  of  flight  safety.  It 
is  important  in  man-rated  aircraft,  where  a  "bug”  in  logic  can  lead  to  loss  of  Ufe  (or  in  any  aircraft  where  a 
crash  may  result),  to  do  as  much  ground  tesfing  as  possible.  It  may  be  easier  to  find  problems  in  actual  flight 
conditions  rather  than  trying  to  simulate  them,  but  safety  prevents  that  approach. 

In  general.  Instrumentation  systems  used  in  flight  research  or  flight  test  are  not  as  critical  as  systems  used 
directly  to  control  the  aircraft  flight.  As  a  result,  requirements  for  verification  and  validation  of  systems  can 
be  relaxed  where  problems  in  systems  merely  result  in  termination  of  the  test  flight.  However,  assurance  is 
needed  that  the  quality  of  the  data  extracted  from  the  aircraft  U  understood. 

9J,  Flight'Critical  System  Data  Extraction 

As  stated  earlier,  if  data  critical  to  ttw  control  of  an  aircraft  is  used,  mechanisms  must  be  included  to  assure  that 
failure  of  part  of  the  system  does  not  result  in  loss  of  the  aircraft  This  is  done  by  installing  redundant  systems. 
For  example,  in  figure  9-1,  a  fliifltt  control  surface  is  instrumented  by  three  sensors,  each  of  which  is  fed  into 
each  of  three  processors.  If  a  single  sensor  Med,  a  processor  can,  by  means  of  majority  rule,  determine  this. 
It  can  then  throw  out  the  bad  sensor  data.  If  one  of  the  processors  Med,  the  other  two  processors  can,  again 
by  majority  rule,  determine  this. 


Figure  9-1.  Triple  redundant  sensors  and  processors. 


Extra  hardware  and  system  complexity  (and  usually  extra  space  and  weight)  are  required.  As  a  result,  this 
technique  is  seldom  used  with  sensor  data  that  are  not  fli^t  critical. 

For  data  extraction  (recording  or  transmitting),  care  must  be  taken  that  the  interface  to  the  data  acquisition 
system  does  not  induce  problems  in  dte  system  from  which  it  is  acquiring  data. 
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